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ABSTRACT

iThe design of a prost Hostincamet oant uhnes of or

The majority of prosthetic feet used in low-income countries suffer from a
limited lifespan and limited durability. The aim of this project is to design a prosthetic
foot suited to use in low-income countries that incorporates both durability and a
high level of function.

A review of the literature was carried out which included examining the form
and function of the anatomical human foot and the existing prosthetic systems used
in low-income countries as well as their limitations and successes. Also reviewed
were methods of assessment of a prosthetic foot.

A Product Design Specification (PDS) was created to outline the requirements
of a prosthetic foot for use in a low-income country based on the information
detailed in the literature review. An existing design of Strathclyde foot was tested
statically according to the ISO 10328 standard.

The design was modified to improve performance in identified areas followed by
an evaluation of layered manufacturing processes. Having identified a potential
manufacturing method for prototypes testing of materials was carried out to
determine the suitability of these materials for testing. Samples of the new design
were tested statically according to ISO 10328.

The foot design was then further modified based on the test results, confirmed
by the use of FEA at which point new prototypes were made and static testing was

again carried out. A comparison of the Strathclyde foot to other feet used in low-



income countries took place. The second redesign of the Strathclyde foot was
assessed via force plate trials by a non-amputee subject wearing prosthetic stilts.
Finally, conclusions were drawn with respect to achieving the PDS and further
work was recommended to improve upon the existing design and reach the
requirements of the PDS.
Appendix A gives details of the roll-over shape testing carried out on a range of
prosthetic feet while Appendix B details the FEA work carried out to support design

modification.
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CHAPTERI Mdaducti o

With approximately 25.5 million people in Asia, Latin America and Africa
requiring or having had an amputation(World Health Organization, 2005) there is a
real need for available prostheses. The industrialised world has benefitted from its
relatively high spending on healthcare and a range of prosthetic feet has been
developed to help amputees return to their normal lives whether as a minimally
active person or highly active individuals (Cochrane, Orsi, & Reilly, 2001). These
benefits have, for the most, not been matched in low-income countries (Jensen &
Sexton, 2010). The cause of amputations in low-income countries is more often due
to traumatic incident than vascular disease (Bisseriex et al., 2011) and so the
individuals concerned could potentially return to a higher functioning level than the
average Western amputee (Bisseriex et al.,, 2011). The prostheses currently
available in low-income countries are lower functioning than those used in
industrialised countries (Jensen & Sexton, 2010) whether it is for example a lack of
energy return or limited endurance resulting in premature failure.

Wor k was previously <carried out g ra
prosthetic foot with similar aims by Leona Morton as part of her EngD research (L.
E. Morton, Spence, Buis, & Simpson, 2009). A prototype was produced and tested
to the A60 level of the ISO 10328 standard, where it was considered to pass static
loading conditions, and also worn by an amputee to gather force plate data and
subjective opinion. The A60 level is the lightest of three levels and indicates the foot
is suitable to be worn by a person of only 60kg or less, making it unusable by many.
Post-manufacture the foot required drilling for placement of energy storing rods to

be inserted which was targeted for improvement. It was further required that a

n

t

he



specific alignment device and shank be used which could hinder the acceptance
and use of the foot.

As such the aim of this project was to build on the design of the Strathclyde foot
to develop a design for a durable, cost effective prosthetic foot unit suited to the
developing world but with an improved balance of functionality and durability than is
currently seen in prostheses available in developing countries. More universal
interface with existing lower limb prosthetic systems was desired as was reduced
processing of the prosthesis following manufacture. Given the use of expensive and
relatively delicate technology in Western prostheses it is not possible to offer the
same level of functionality in developing countries while also providing the durability
required and maintaining a low production cost. This was the major compromise in
this project and so some function was traded for durability and maintaining a low
cost.

Several rounds of physical testing, Finite Element Analysis and design were
carried out to improve the performance of the keel. Selective laser sintered
prototypes were built and tested in an effort to keep cost down while testing
iterations of design. While the performance of the intended material (injected
polypropylene) and the prototype material (Selective Laser Sintered Nylon) differed
and a reduced performance was seen in the prototype samples it was determined to
be adequate for design comparison.

ISO 10328 was used as a standard test of strength and durability to ensure a
safe design prior to use. This has not been a focus for many of the prosthetic feet
designed for use in developing countries and the work of Jensen and Treichl
(Jensen & Treichl, 2007) showed the majority of design would not be considered to
pass the standards of ISO 10328. This does raise the question of the ethics involved

in providing prosthetic limbs to developing countries: Is it acceptable to provide a



prosthesis that does not meet international standards for safety but does allow
amputees to improve their quality of life with a risk of prosthetic failure? For this
work it was not seen as acceptable to develop a prosthetic foot without taking this
standard into account and meeting it.

This thesis has been organised as follows:

Chapter 2 provides a literature review of structure and function of the natural
limb considered in different circumstances; be it walking, standing or other functions.
Following this is a review of the existing prosthetic feet used in low-income countries
and the measures commonly used to evaluate prosthetic foot function, both in
clinical and lab tests.

Chapter 3 begins with the generation of a Product Design Specification (PDS).
The existing design of Strathclyde foot was tested to ISO 10328 standards up to P5
static proof level successfully at the toe in unreinforced samples. The reinforced toe
failed during P3 testing and the heel was determined to have failed at the P4 level
due to excessive deformation.

Chapter 4 provides an overview of design changes made with reference to FEA
carried out to evaluate the predicted behaviour resulting from said changes. The
design was intended to be produced in polypropylene via injection moulding, as the
existing design was, however due to cost limitations an alternative method for
producing samples had to be determined. A number of rapid prototyping methods
were evaluated to determine an appropriate method for sample production. Two
materials were experimentally examined to verify material properties. Having
determined the properties of Duraform EX as suitable, prototypes were produced
and tested. The heel section was determined not to pass to any level of ultimate

static testing due to excessive deformation, while the unreinforced toes failed during



P3 testing. The reinforced toes showed mixed results with one sample failing during
P3 testing while the other successfully passed to the P5 level.

Chapter 5 begins with the elements of redesign required after the testing in the
previous. The new design was produced in prototype form and tested as previously.
Heel testing provided one failure during P3 testing and one during P4 testing. Both
unreinforced toe samples failed during P3 testing while the reinforced toe sample
failed during P4 testing. A comparison of the Strathclyde foot performance to other
feet as tested by Jensen & Treichl (Jensen & Treichl, 2007) follows. Finally, a single
subject force plate trial was conducted on the Strathclyde foot.

Chapter 6 completes the thesis with a conclusion based on meeting the aims of
the Product Design Specification (PDS). Recommendations are then made for
further work in order to progress towards the goals outlined in the PDS.

Appendix A provides details of rollover shape testing carried out on the
Strathclyde, Iraq, ICRC, Dynamic and Atlas feet.

Appendix B details the FEA carried out to support design modification of the

Strathclyde foot to redesign 1 (R1) and redesign 2 (R2).



CHAPTERLI teratur e

In order to form a knowledge base from which to proceed this chapter examines
existing literature related to the form and function of the human foot, designs of
prosthetic feet for use in developing countries and methods of measuring prosthetic

foot function.

2.1 The natural human foot

When designing a prosthetic foot, it is important to consider the foot it is to
replace. The human foot is unique amongst nature; there is no other animal on the
planet that walks on two legs in a plantigrade manner as their main mode of
transport (Inman, 1966). The human foot and propulsion method developed over
millions of years of evolution, it has even been argued that the development of
upright locomotion is one of the key points in human evolution (Lovejoy, 1988).

The foot cannot be considered purely in isolation and therefore a discussion of
the whole body, as it relates to the function of the foot, will be involved. The major
functions of the foot are to follow along with some of the more important minor

functions.

2.2 Standing

2.2.1 Load bearing

A number of adaptations in the human form are visible which make upright
walking more efficient and comfortable. Beginning at the connection of the spine to
the skull, it is visible that in humans the connection is in such a way that the skull is

upright. The spine itself has a double curve that causes the centre of mass of the
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head, arms and torso to act directly above the hip joint centre. The pelvis is aligned
at a slight forward angle from the coronal plane that causes the knee to be
straightened. As such the weight of the body passes through the hip joint and then
through the knee joint leading to a stable upright position. The loads of the upright
human all pass directly through a line which goes from skull to hip centre, knee
centre and then the ground forward of the ankle as shown in Figure 1. In the
alignment of the human form, joint moments are eliminated and so a very small

energy cost is required to maintain the upright position.

Figure 1 i Proper alignment of the human body demonstrating line of load

application(Kendall & McCreary, 1983)

These adaptations whilst useful would not be enough to allow the human being
to stand upright comfortably. The foot is the base of this entire structure and without

an adequate base the structure could not remain upright.



The foot is made of arched sets of bones, two arches span from the heel to the
ball of the foot and one across the metatarsal heads (pictured in Figure 2). These
arched structures are rigid and resist flattening even when muscular activity is
removed, such as in anaesthetised individuals. This suggests that they rely on the
ligaments to maintain their form. These shapes, variably resistant to deformation
depending on the extent of pronation or supination of the foot during stance phase,
serve to distribute the load from the body across the foot in set ratios which Morton,
1935(D. J. Morton, 1935), found to be 3:1:2 for calcaneus: metatarsal |I: metatarsals
I, 1, IV and V. This distribution of load allows for stability at the base of the human
form. The skin on the sole of the foot is specially adapted to allow weight
bearing/load transfer to occur without breakdown and is even toughened by
repeated activity and frictional contact. The fatty pad under the calcaneus spreads
the load across the whole under surface of the bone, which prevents point loading

and contributes to comfort during load bearing.



Medial longitudinal arch

Cuneiform  Navicular

1st metatarsal ™\ | Talus
%D@Q Calcaneus
é o

Lateral longitudinal arch
Talus

Cubo.d

_ 5th metatarsal
Calcaneus Q

Transverse arch

Heads of motatarsals

Meadial
cuneiform

Y
Intermediate and
lateral canedorm

Figure 2 - This image presents the arches of the foot, an important feature of load
bearing and stability of the foot (Ashalatha & Deepa, 2011)

The structure of bone is not uniform, a hard outer is supported by a core of
sponge-like structure made of rods of tissue called trabeculae. Each bone in the foot
displays individual adaptations to load bearing visible in the pattern of the trabeculae
within the bone. These trabeculae conform to the lines of stress, both tensile and
compressive, applied to the bone and will be digested (by osteoclasts) and reformed
(by osteoblasts and osteocytes) to match the new stresses if these stresses change.
This was first proposed by Julius Wolff in 1892 (Wolff, 1892) following the work of
Culmann and Von Meyer (Meyer, 1867) who noted that the lines of the trabeculae in

the femoral head were aligned with the principal stresses occurring there. The lines



of the trabeculae are consistent across bones although separated by the gaps
between the bones. This displays the way in which the elements act together in
order to form a suitable structural base for the rest of the body. This may be

observed in Figure 3, an x-ray image of the rear of a foot.

—-

”

»

Figure 3 - An x-ray image of the rear of the foot. The trabeculae are visible as thin
white lines. It should be noted that the trabeculae of different bones continue to
follow the principal stress lines across the gaps between the segments (University

Hospitals of Geneva, 2012)

The tibia is a long bone of the lower leg (the other being the fibula) that must
bear the weight of the body during standing and walking. It is particularly adapted to
this thanks to its own structure, consisting of a collagen fibre reinforcement set
within a hydroxyapatite (Caio(PO4)s(OH)2) matrix. The hydroxyapatite is very hard
and so can withstand large loads but is brittle and so prone to failure from impacts,
bending or twisting actions. Collagen fibres are strong in tension but buckle under

compression. The combination of the two elements gives bone the strength required



to carry the loads but also a resistance to impact, bending and twisting in much the

same way as modern composite materials. (Martini & Nath, 2009)

2.2.2 Stability

The load bearing adaptations of the human body permit upright stance
however, these do not necessarily provide stability. The arches of the feet do
contribute to stability as the load of the body is distributed across the foot rather than
concentrated at the heel. The fact that there are two feet, separated and slightly
turned out during normal stance, adds to the stability of the overall structure. The
muscles of the leg work in combination with the proprioception of the sole and
synaptic balance feedback of the inner ear to provide active stability at a small cost
of energy. In anteroposterior stability the muscles of the anterior compartment
(tibialis anterior, extensor digitorum longus, extensor hallucis longus and peroneus
tertius), lateral compartment (peroneus longus and peroneus brevis), posterior
compartment (gastrocnemius, soleus and plantaris) and deep posterior
compartment (tibialis posterior, flexor digitorum longus and flexor hallucis longus) all
contribute in stabilising the lower leg. Stabilisation is not exclusively carried out by
the muscles of the lower leg; moving the position of the body over the feet will also
aid stability and may be effected by muscles higher in the body such as the
abdominals for example. Mediolateral stability is largely maintained through the hip
adductors (adductor brevis, adductor longus, adductor magnus, adductor minimus,
gluteus maximus via connection to the gluteal tuberosity, quadratus femoris,
obturator externus, semitendinosus, pectineus and gracilis) and abductors (gluteus
medius, tensor fascia latae, gluteus maximus via connection at fascia latae, gluteus
minimus, performs and obturator interns) as the everters (peroneus longus,

peroneus brevis and peroneus tertius) and inverters (tibialis anterior, tibialis
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posterior, extensor digitorum longus and hallucis longus) also act in plantarflexion

and dorsiflexion as described above. (Martini & Nath, 2009)(Wheeless, 2011)

2.3 Walking

2.3.1 Gait cycle

As can be seen in Table 1, a complex interaction of muscle actions is required
during gait. Beginning at heel strike the gluteus maximus, gluteus medius,
hamstrings, quadriceps and pre-tibial muscles all contract eccentrically, that is they
resist loading while lengthening. These actions are carried out in order to maintain
the correct position of the leg for initial contact and to decelerate it.

Following the initial contact, the gluteus maximus no longer continues to
contract eccentrically but becomes inactive. The remaining muscles continue to
function eccentrically as the leg responds to loading.

At midstance the hamstrings, quadriceps and pretibial muscles become inactive
while the gluteus medius continues to act eccentrically and the calf muscles become
engaged eccentrically. The calf muscles in this case prevent the ankle rotation
through midstance occurring too quickly.

As terminal stance is entered the leg begins to move towards propulsion, the
calf muscle begin to contract concentrically in order to provide drive prior to swing.
The iliopsoas also become active, contracting concentrically in order to flex the hip
in order to rotate the thigh forwards and upwards. The gluteus medius maintains
eccentric contraction throughout this phase.

In pre-swing, the calf muscles continue to contract concentrically in order to
provide push off while the iliopsoas also contract to begin raising the leg out of
contact with the ground. The quadriceps contract eccentrically during this phase
while the gluteus medius has become inactive as it is no longer useful in maintaining

body position or decelerating movement.
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During initial swing the pretibial muscles (tibialis anterior, extensor digitorum longus
and extensor hallucis longus) contract concentrically in order to raise the toe and
prevent collision of the foot with the ground, which could lead to stumbling or falling.
The iliopsoas concentric contraction continues to further flex the hip and raise the
leg. The hamstrings and the quadriceps act eccentrically to control the movement of
the lower leg.

As gait progresses to mid swing the iliopsoas and pretibial muscles continue to
contract concentrically, flexing the hip and foot respectively. The hamstrings
continue to contract eccentrically but the quadriceps no longer provides any
resistance.

Finally, at terminal swing only the hamstring acts eccentrically and the pretibial
muscles act concentrically. The hamstrings decelerate the swing through of the leg
and the pretibial muscles maintain the raised toe position of the foot. As terminal
swing is completed the gait cycle repeats itself once again.

This cycle is carried out by both legs in turn and should results in an even gait
pattern if the cycle is well balanced across both legs. In being even the gait is more
efficient so reducing energy costs to the walker but more than this, it has been
shown to be an indicator of an indiuvi
motion was evaluated as more attractive than asymmetric motion) (Johnson &
Tassinary, 2007)(Giese, Arend, Roether, Kramer, & Ward, 2009) or their current

emotional state (Roether, Omlor, Christensen, & Giese, 2009).
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Table 1 - Muscle activation during normal gait (Uustal & Baerga, 2004)
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At heel strike the foot is held either neutrally or slightly plantar flexed, the heel
comes into contact with the ground and the fatty pad deforms, taking the impact out
of the strike. Initially the sub-talar joint is flexible. The foot will begin to plantar-flex
from heel strike on. As the foot comes fully into contact with the ground at foot flat
the foot will tend to supinate, i.e. roll out, which causes the sub-talar joint to lock.
This locking of the sub-talar joint effectively makes the foot a stiff lever that is then
used to carry the weight of the body to the metatarsal heads. The joint remains stiff
and is utilised to facilitate push off as a lever arm with the plantar-flexors now

contributing to propelling the body forwards (Uustal & Baerga, 2004).

2.3.2 Energy storage, return and input

The structure of the lower leg has developed not only to be load bearing but
also to allow the storage and return of energy during propulsion. Energy input is also
made possible through various structures of the foot and lower leg, particularly the
action of the muscles on the bones via the tendons.

The lower leg passively stores energy as elastic potential through elongation of
tendons, particularly the calcaneal (Achilles) tendon. Some of the stored energy is
returned during gait to reduce the overall energy cost of walking. Energy is also
actively put into each step through the contraction of various muscles of the leg

(Martini & Nath, 2009).

2.3.3 Active stability

The human body is covered in skin, which provides a huge sensory input to the
brain in terms of temperature, pain and touch sensations. The skin on the legs is no
different and this feedback is lost along with the limb in an amputee. Within the leg
there are a range of sensory mechanisms that provide the brain with the information
relevant for determining the position of the limb in comparison to the rest of the

body. These take the form of muscle spindles, which monitor muscle length and
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enact stretch reflexes, Golgi tendon organs, which monitor tension developed in
tendons as a result of muscle contraction and finally receptors in joint capsules that
determine the pressure, movement and tension in a joint. Such mechanisms allow
the intact human to adjust to changing conditions such as uneven or sloping
surfaces or having caught the toe on a low-lying object. These proprioceptive
mechanisms are lost in the amputated limb meaning that the amputee has no
sensation of where their prosthesis is. Currently no prosthetic limb can provide
similar information to the amputee and is a major limiting factor in prostheses, as the
limb must be seen to know where it is or else estimated with practice. The lack of
feedback, particularly proprioception is arguably a major factor in stumbling in lower
limb amputees and reduced functionality in upper limb amputees. Microprocessor
controlled knees are available that can predict the action of the lower limb and
respond accordingly to reduce stumbling (Kaufman, Anderson, Schneider, & Walsh,
2009) however, these respond automatically and do not inform the wearer in any

way.

2.4 Other functions

Running involves a different mechanical use of the lower limb than walking and
has a higher energy cost but is much faster. In running a very different gait pattern is
observed. Double stance is eliminated and two double float periods are found when
both feet are in the air, one at the start of swing and one at the end (Novacheck,
1998). Toe off occurs prior to 50% of gait cycle, much earlier than the approximately
60% observed in walking, and can be as early as 22% in world-class sprinters
(Mann & Hagy, 1980). The pattern of muscle activation is very different from walking
(see Figure 4 compared to Table 1) with most activity occurring around initial contact

and none at toe off.
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Figure 4 - Activation of muscles during running (Novacheck, 1998)

The contact or footprint observed in running is different to that of walking with
heel contact occurring laterally before quickly passing medially. At higher velocities
heel contact may be avoided all together in preference for contact at the ball of the
foot (Novacheck, 1998).

Another significant difference between walking and running is in the kinetic and
potential energy profiles. The potential energy is related to the height of the body
while the kinetic energy is related to the velocity of the body. In walking the two
energy types are entirely out of phase with kinetic energy peaking when potential
energy is at a minimum (i.e. the body is moving fastest at the lowest elevation)
however, in running the two energy types peak at the same time (i.e. the body is
fastest at the peak elevation)(Novacheck, 1998).

The lower limb is also used in striking for example kicking a ball or as part of a
martial art in which case it acts as a rigid club in order to transmit force to the target.

Aside from being used as a rigid club the foot may also be used for finer control,
such as in using a pedal in a car or operating a sewing machine. These are not

typically considered in design of a prosthetic foot where mobility is the main concern
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however, during their lifetime a prosthetic foot will no doubt be used to carry out

some such actions.

2.5 Prosthetic feet
The prosthetic feet most people are aware of nowadays are of the high-tech

variety, often due to news coverage given to new developments but, typically

because of military amputees using them.

do not have access to such artificial limbs and instead rely on simpler and
somewhat less effective alternatives. A sample of some of the feet available to those

in low-income countries is given below with an overview of each foot.

2.5.1 Peg leg

The peg leg was the traditional replacement for a lost leg and is still used in
more or less its original form in some areas of the world. Some updates have been
made as in the case of Muller (Muller, 1957), where a cosmesis was added to

improve the look of the peg leg without contributing to its function. Alternatively,

The

Mathews et al. (Mathews, Burgess, & Boone, 1993), reportedeomat me foalt

which was designed in response to the difficulties found by many users of foot
shaped prostheses. The foot shaped prostheses were apparently prone to become
caught or tangled on undergrowth and were difficult to use in wet or muddy
conditions where they could get stuck. The all-terrain foot is a peg leg with a large,
circular rubber pad at the end. The rubber is shaped as a tapered cylinder with a
convexly curved bottom surface. A hole in the base allows for a bolt to be used in
attaching the foot to the leg, which the authors acknowledge, may fill with mud or
snow unless otherwise plugged. The smaller footprint and simpler shape would
prevent catching on undergrowth and the durability would make it suitable for use in

wet and muddy conditions (see Figure 5).
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Figure 5 - The all-terrain foot, displaying the simple and rugged design (Mathews,
2017)

Werner (Werner, 1999), described a number of different versions of trans-tibial
peg legs that may be manufactured relatively easily in low-income countries. The
first type was to be used with a bent knee and was not recommended for extended
use as it could cause knee contracture. It was basically a support for the leg below
the knee and could include a long pole extending to head height, which then

functioned as a combined crutch and limb (see Figure 6).
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Figure 6 7 Peg legs for use with a bent knee (Werner, 1999)

The unbent knee varieties of the peg leg included making a socket from plaster

and then using either bamboo or PVC pipe to form the peg with a rubber end to

contact the ground (see Figure 7). Instructions were included as to how to lengthen

the PVC type to fit as a child grows and how to make a suspension belt. Werner

also suggests the addition of a foot to prosthetics legs for improved aesthetics and

to prevent sinking in soft ground and included a design for use (see Figure 8). The

foot design was similar to that of Muller in that little was added functionally to the

foot.
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Figure 7 7 These images demonstrate a bamboo peg (left) and a PVC peg (right)
with added section for growth (Werner, 1999)
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Figure 8 7 The foot desigh recommended by Werner (Werner, 1999).

2.5.2 ICRC foot

The ICRC (International Committee of the Red Cross) foot is a SACH (Solid
Ankle, Cushion Heel) foot variant produced by CREquipements SA (Coppet,
Switzerland)(International Committee of the Red Cross, 2006b). Between 1979 and

2011 the ICRC provided 374,575 prostheses (International Committee of the Red

20



Cross, 2011). Not all of the prostheses provided would have used the ICRC foot
(which was not produced by CREquipements SA until 1992 and also due to a
proportion of prostheses being for upper limbs for example) however, it would be
expected to be a large proportion givent he | CRCdés particular emp
victims of | andmines. The | QBREquipementsSA0sSt s af
2013) and is provided through the ICRC overseas programmes although, it is
manufactured in Switzerland. By being manufactured in Switzerland it provides a
certain control over quality that may be lost in local production.

The foot itself contains a Afenestrated d
shape, see figure 9) keel made of polypropylene surrounded by polyurethane foam
that forms the bulk of the foot including the outer surface. The sole is made of

polyurethane (Jensen & Treichl, 2007).

Polypropylene
‘ keel ’

Figure 97 Diagram of a sectioned ICRC foot (Turcot et al., 2013)

The ICRC foot has been extensively tested in both the laboratory and field
conditions. Jensen & Treichl (Jensen & Treichl, 2007) partially tested several feet to
ISO 10328 standard, including the ICRC foot. Some of the prostheses were
exposed to the equivalent of 365 days of 8 hours of sunlight over the course of 20
weeks in a specially built chamber while others were exposed to 98-100% humidity
at 38°C for 20 weeks. The groups of prostheses exposed to either UV light or

humidity were only tested under static loading as specified in ISO 10328. A further
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group of prostheses was not exposed to either of these conditions and was
subsequently tested under cyclic loading conditions as well as static loading.
Exposure to either humidity or UV light caused the maximum deformation, creep
and permanent deformation of the heel to increase. In forefoot loading exposure to
UV light caused an increase to maximum deformation and creep but a reduction in
permanent deformation. It is possible that the UV light exposure provided a curing
effect on the polyurethane, extending the elastic region of deformation. Exposure to
humidity caused a decrease in deformations in all areas suggesting that exposure to
moisture increases the stiffness of the polyurethane. Jensen and Treichl (Jensen &
Treichl, 2007), did not consider the ICRC foot to meet the standard for complete
lower limb prosthesis of ISO 10328 (<5mm permanent deformation) however, it
does meet the standard descri bednankiedowtr secti
devices and foot wunitso within I SO 10328 and
Sam et al. (Sam, Hansen, & Childress, 2004), reported that a size 25 ICRC foot
weighed 567.6g during their testing. It was found that the ICRC foot had little toe
support shown in the shortness of the roll-over shape (see Figure 10) and that its
shape varied only slightly from a typical SACH foot in that the transition between flat
section and upward break was smoother. It was acknowledged in this study that as
only one new foot of each kind was tested the results were limited. In addition, it was
noted that a prosthetic foot is required to perform other functions not related to the
roll over shape to function well such as shock absorption at heel strike or durability.
Eaton et al. (Eaton, Ayers, & Gonzalez, 2006), in testing roll-over shape found the
ICRC to have a longer arc length than the natural foot tested but with the same
radius. Both studies note the drop off performance in the toe section of the ICRC

foot due to the lack of support.
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Figure 107 Roll-over shape of the ICRC Geneva foot in comparison to external
boundary of the prosthesis (Sam et al., 2004)

Field testing of the ICRC foot has shown a number of weaknesses in design
with failure of the foot cover due to wear or disintegration highlighted by Jensen &
Raab (Jensen & Raab, 2004). Jensen et al. (Jensen, Nilsen, Thanh, Saldana, &
Hartz, 2006) identified failure of the foot cover or wear of the sole as accounting for
83% of failures (36 of 43 cases of failure) in trans-tibial amputees while in trans-
femoral amputees (Jensen & Raab, 2004) three out of four cases of sole wear and
cover failure required replacement, accounting for 11.4% of all failures in this group.
It was noted that this type of failure was particularly pronounced when the
prostheses were used barefoot. For trans-tibial amputees, prosthesis survival rates
at 6, 12, 18 and 24 months were found to be 95%, 56%, 31% and 0% respectively. It
was subsequently concluded that polyurethane feet could not be recommended for
use in tropical areas. It was also observed by Jensen et al. (Jensen, Nilsen, Thanh,
et al., 2006) that six of the feet had worn keels and one of the feet failed at the bolt
attachment. Jensen, Nilsen, & Zeffer (Jensen et al., 2005) report a quality
benchmark for trans-tibial prostheses in low-i ncome countries requir
>1km at 90+10%, non-users at 5+5%, discomfort at 10+10%, pain at 10+10%, and

patient satisfaction at 90+10%. The technical performance demands were set for
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good socket fit at 60£10%, misalignment at 15+10%, insufficient craftsmanship at
10N10 %, and requirements for socket

standards the ICRC foot as reported on by Jensen et al (Jensen, Nilsen, Thanh, et
al., 2006) satisfied patient requirements in all areas but suffered from unacceptable

misalignment rates and requiring new sockets in terms of technical performance.

2.5.3 Handicap International (HI) foot

The Handicap International foot is a SACH foot largely used in Cambodia, but
also in Mozambique (Sam et al., 2004), Vietnam, Laos and Thailand (Simon, 1996).
It is made in Cambodia by Handicap International and between 1992 and 1996
10,000 pairs of feet were manufactured and distributed from there (Simon, 1996).
The foot itself is a polypropylene keel with a foam rubber forefoot and heel, a tyre
rubber sole and a rubber cover (Jensen & Treichl, 2007). It was designed with the
climate of Cambodia in mind, particularly the heat and humidity, and the need of
users in Cambodia to squat (Day, 1996). From the 1996 consensus conference on
appropriate prosthetic technology in low-income countries (Day, 1996) it was
reported that a trans-tibial system including the HI foot would have cost
approximately $25-37 to produce however, as parts were provided free of charge it
was estimated a more realistic cost would be $230 per prosthesis. Simon (Simon,
1996) reported that the foot was produced in three sizes, 17cm, 23cm and 25cm,
weighing 320g, 600g and 800g respectively and was made of recycled
polypropylene and rubber from the local province.

The HI foot has been tested on both clinical field trials and in the laboratory.
Sam et al., 2004, used an HI foot produced in Maputo, Mozambique by HI in testing
the rollover shape. They reported the length as 26cm, the mass as 854.6g (the
heaviest in the study) and that it could be used on either side. While the HI foot

appears to have a shorter arc length than the other feet tested but a similar radius,
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Sam et al . considered iotvero shhapyeonina hahtnaetaiso
that of a typical SACH footo.

Jensen & Treichl (Jensen & Treichl, 2007) tested the HI foot to the standards of
ISO 10328 by the methods described above in the section on the ICRC foot (page
21) and found that humidity exposure increased creep and permanent deformation
in both heel and forefoot loading but increased maximum deformation in forefoot
loading while decreasing maximum deformation in heel loading. Exposure to UV
light decreased maximum deformation, creep and permanent deformation in forefoot
loading but decreased deformation in heel loading while the creep and permanent
deformation both increased. In cyclic testing, the rubber was found to have
permanently deformed under the keel, but the samples passed two million cycles as
required by the standard. It was ultimately determined that the HI foot would not
pass the standards for an entire lower limb prosthesis (permanent deformation
<5mm) however, given the allowance in the standard for separate ankle-foot
prostheses testing it would be considered a pass.

Jensen & Heim (Jensen & Heim, 1999) conducted a field trial of the HI foot in
Vietnam where it was used by ten amputees who were followed up after 10 or 19
months. Four of the feet were determined to have failed at an average of 12 months
(range 8-18 months) while of the six remaining feet only three were used for more
than 500m walking a day. Of the failing feet two had failed because of the sole, one
because of the keel and one because of the bolt. There is no mention of whether the
feet were used barefoot or shod during the trial, the only reference to the conditions
of use are body mass, hours worn, daily distance covered (<500m, 500-2000m,
>2000m) and wet or dry rural. The four failing feet were used for >2km a day while

only one of the unfailing samples was within this distance bracket.
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Jensen et al. (Jensen, Nilsen, Zeffer, Fisk, & Hartz, 2006) conducted a study
using 30 HI feet which included far more detailed background information than that
of Jensen & Heim (Jensen & Heim, 1999). Family, environment, socio-economic
background, build, cause of amputation, stump length and condition as well as skin
disorders were all included. Recorded in compliance was whether the foot was used
barefoot (13 users, 43%), daily distance walked (>1km 100% of users) and hours of
use per day (average 14 hours, range 12-16 hours). The amputees were also asked
if they experienced pain or discomfort (none reported any), how they felt about the
weight (light i 3 users, heavy T 0 users) and if they were satisfied with it (28
satisfied, 2 dissatisfied). The fit was recorded (good in 14 cases, wide in 16 cases)
along with any misalignment (5 cases including 3 of the prosthesis, 3 of the foot and
1 of uneven length). Six failures were recorded resulting in replacements although
eight failures were recorded in total; three resulting from wear of the sole, four from
wear of the keel and one from failure of the bolt attachment. The average time to
failure was 10 months (range 7-17 months). Of the failed feet, the average daily use
was 14 hours (range 14-15 months) with all feet being used to cover greater than
1km a day with five used barefoot. The fit of the prosthesis was good in six cases
and but found to be wide (loose) in two with a further two cases of misalignment
reported and one of inadequate craftsmanship. The patient satisfaction was 100%
among those with a failed prosthesis. As the authors admitted few feet (four total)
were followed up for longer than 12 months however, the 20% replacement rate at
the 12-month point was deemed acceptable and was not found to be different in a

statistically significant to the failure seen in the PP-Rubber foot in the same study.

2.5.4 Veterans International (VI) feet
The Veterans International group was founded by the Vietham Veterans of

America Foundation (VVAF) in 1992 wit
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(Veterans International Cambodia, 2013). They have built at least three varieties of
prosthetic foot with the needs of the local populace and the local environmental
conditions in mind (Day, 1996). The VI-Solid was described as a polypropylene big
tooth keel with anchor holes, wrapped in rubber bands with a rubber sole, heel and
cover and a rubber reinforced forefoot (Jensen & Treichl, 2007) (see Figure 11 for
an image). The VI-Cavity is the same with the difference that at the heel a steel ball
was included during vulcanizing in order to create a cavity which may provide shock
absorption in place of the rubber at the heel (Jensen, Nilsen, Zeffer, et al., 2006) see

Figure 12 for an image). No description of the VI multiaxis foot was available.

Figure 117 A cross section of the VI-Solid foot showing the internal makeup
(Jensen, Nilsen, Zeffer, et al., 2006)
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Figure 127 A cross section of the VI-Cavity foot, note the cavity and the steel ball
(Jensen, Nilsen, Zeffer, et al., 2006)

Only one laboratory test appears to have been carried out on any of these feet,
the VI-Solid foot (Jensen & Treichl, 2007). The feet were treated as described
previously in the ICRC foot section (page 21). It was found that exposure to UV light
resulted in an increase in maximum deformation, creep and permanent deformation
at the forefoot and a decrease in maximum deformation, creep and permanent
deformation at the heel. Exposure to humidity resulted in an increase in maximum
deformation, permanent deformation and creep measured in the forefoot and
increases in maximum deformation and creep at the heel while reducing the
permanent deformation there. The VI-Solid foot was unusual in testing in that the
heel deformed by around the same amount as the forefoot rather than less as
observed in the other feet tested. On completion of the cyclic testing the VI-Solid
foot rubber covering was found to have compressed under the forefoot and/or heel.

Jensen and Treichl (Jensen & Treichl, 2007) determined that the foot would not
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have stood up to the lower limb prosthesis criteria of ISO 10328 however, given the
allowance for separate ankle-foot prostheses would be considered a pass.

One of the three foot designs, the VI multiaxis foot was only used in relation to a
study on t hehmdrlgfor &#dns-tt iyb ibaeln pr ost heses i
and not mentioned specifically in terms of performance but rather only as to the
quality of provision and craftsmanship (Jensen et al., 2005). No further mention of
the VI multiaxis foot was found in the literature however, the VI-Solid was mentioned
twice, Jensen & Heim (Jensen & Heim, 1999) and Jensen et al. (Jensen, Nilsen,
Zeffer, et al., 2006), with the VI-Cavity also studied in (Jensen, Nilsen, Zeffer, et al.,
2006). In Jensen & Heim (Jensen & Heim, 1999) ten amputees were fitted with the
VI-Solid foot and followed up over 19 months. The amputees were largely intensive
users (8 users out of 10 total) with 2 covering less than 500m a day, 3 covering 500-
2000m daily and 5 covering over 2000m per day. The weight of the amputees, hours
of daily use and living conditions (wet/dry rural) were similar to those of the other
groups tested at the time. One foot was followed up at 10 months and had not failed,
the other 9 were followed up at 19 months and had not failed, which was
significantly better than the other feet tested at the time (Ba Vi, HCMC and HI feet)
and showed that the foot could stand up to intensive use for 19 months.

In Jensen et al (Jensen, Nilsen, Zeffer, et al., 2006), 31 amputees were fitted
with the VI-Solid foot. At the 12-month follow up one foot had failed and had to be
replaced due to a worn foot sole. The amputee was not recorded as using the
prosthesis barefoot but did use it for greater than 1km walking and 14 hours a day.
Despite the failure the amputee was recorded as being satisfied with the prosthesis.
At the 18-month and 24-month follow ups no further prostheses had failed. 12 (39%)
of amputees found the VI-Solid foot to be heavy but only 5 (16%) stated that they

were not satisfied with the prosthesis despite the fact that 6 (19%) were recorded as
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non-users. In the conclusion the authors state that they considered Cummings
(Cummings, 1996) call for a low cost, durable and locally manufactured prosthetic
foot fulfilled.

Jensen et al (Jensen, Nilsen, Zeffer, et al., 2006) also followed 35 amputees
who had been provided with the VI-Cavity foot. A high percentage (68.6%) of
amputees |lived in a 6wetd envi r o+batie fodt
(3.2%). All users of the VI-Cavity foot were recorded as walking more than 1km
each day and wearing the prosthesis for 10-15 hours each day. 13 of the amputees
(37%) were recorded as using the prosthesis barefoot. 60% of users considered the
prosthesis light however, 100% reported that they were satisfied with it. The survival
rate of the VI-Cavity foot at 6, 12, 18 and 24 months was 100%, 97%, 89% and 86%
respectively with 14 prostheses failing in total, all of which required replacement. Of
these 14 all were used for over 1km walking a day and worn for between 12 and 15
hours daily with 8 (57%) of the failed prostheses used barefoot. In 13 cases, the
failure occurred due to the foot sole being worn and in 1 case due to the keel being

worn (see Figure 13 and Figure 14 for images of failures).
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2006)

Figure 14 1 Penetration of the keel of the VI-Cavity foot (Jensen, Nilsen, Zeffer, et
al., 2006)
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12 of the amputees (86%) expressed satisfaction despite the failure, with the
other 2 (14%) not expressing an opinion. The average time to failure was given as
27 months (range of 7-32 months) however, the authors noted that few of the feet
were seen before 26 months and as the amputees would have had other prostheses
available to them that they were unlikely to attend a clinic upon failure of the VI-
Cavity foot but wait until recalled. In a comparison of the two tested VI feet Jensen
et al (Jensen, Nilsen, Zeffer, et al., 2006) found that the VI-Solid was the better

performer (p<0.0002).

2.5.5 Jaipur foot
The Jaipur foot was developed in the 1970s in Jaipur, India, by P.K. Sethi with
local craftsmen and was designed with the local conditions and requirements of
local people in mind. Sethi et al,(Sethi et al., 1978) stated the following as the goals
of design:
1. It should not require a shoe, and consequently, should have a certain degree
of cosmetic acceptance by the amputee.
2. The exterior should be made of a water- proof, durable material.
3. It should allow enough dorsiflexion to permit an amputee to squat, at least for
short periods.
4. 1t should permit a certain amount of transverse rotation of the foot on the leg
to facilitate the act of walking as well as to allow cross-legged sitting.
5. It should have a sufficient range of inversion and eversion to allow the foot to
adapt itself while walking on uneven surfaces.
6. It should be inexpensive.
7. It should be made of materials that are readily available.

(Sethi et al., 1978)
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It could be argued that the Jaipur foot has been largely successful in achieving
these goals although perhaps not al l
upheld so easily. The same paper described the evolution of the Jaipur foot and
some of the early mistakes, particularly related to the contact of the foam rubber and
wooden block as well as the enclosing of the foam rubber in solid rubber. The Jaipur
foot as described by Sethi et al. (Sethi et al.,, 1978) was ultimately made up of
sponge rubber in the toes, with the great toe separated from the others to facilitate
the wearing of sandals, a wooden block in the midfoot, a laminar sponge rubber
block wrapped in hard rubber at the heel and a laminated wooden block superior to
the heel to house the carriage bolt (The design has changed since the 1978 paper
and the midfoot wooden block is now made using microcellular rubber instead, see
Figure 15 and Figure 16 for comparison). These components were then enclosed in
a 2mm layer of vulcanised hard rubber. This layer was made of rubber cushion
compound on most of the foot except the sole where tyre tread compound was used

to improve the wear capabilities of the sole. This rubber could then be coloured to a

of

shade similar enough t o t hedcasmetiaadceptasck.i n

Due to the large amount of rubber involved in the manufacture of a Jaipur foot the

mass was relatively high; in Sametalds study of 11 different

mass was found to be 526.5g while the Jaipur foot measured in at 822g (only the HI
foot was heavier at 854.6g)(Sam et al., 2004). The cost of the foot was given as $30
for a trans-tibial amputee (Day, 1996) (~$48 when adjusted for inflation to 2017). It
should be noted that the low costs were partly due to the use of local materials and
partly due to the low cost of locally trained limb makers rather than trained

prosthetists.
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Figure 16 7 The Jaipur foot as described in the Jaipur foot manual. The forefoot
block is made of microcellular rubber, the heel block is made of laminar sponge
rubber and the ankle block is made of wood (Mobility India, 2004)

The development of the foot by Sethi et al. could be described as trial and error
or an Oi terativebd met hod and whil e it may
development of a design it did ultimately result in a highly resilient prosthesis with
certain features culturally important to the users. There have been attempts since to
improve the design such as the use of microcellular polyurethane foams in place of
the rubber and wooden blocks in the traditional Jaipur foot by Karunakaran
(Karunakaran, 2006), or the use of cadaveric human bone endoskeleton by Kabra &
Narayanan(Kabra & Narayanan, 1991a). Part of the reason for the work of
Karunakaran in producing a PU based foot was so that it may be mass produced at
reduced cost, lighter weight and also at more consistent quality, something which
has plagued the Jaipur foot due to its production by many different craftsmen and

groups (Arya & Klenerman, 2008).
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The Jaipur foot has been extensively tested both in the laboratory and in the
field however, the field tests for durability and performance did not come until
relatively late in the life of the Jaipur foot (Arya & Klenerman, 2008). Sam et al (Sam
et al., 2004) included a Jaipur foot in their study on roll-over shape and found that
the shape was quite different from the other feet tested in that it diverged the most
from a 06st an daver dhape. STAeClBipur faol was observed to have a
smoother progression during roll-over however, lacked toe support. It was also
found that the Jaipur foot had a relatively high profile which Sam et al. suggested
may limit its use on amputees with a long stump although Sethi et al (Sethi et al.,
1978) di d describe a modi fied design suitabl
presumably modifications could be made to permit use with a longer stump. Sam et
al. suggested that the short roll-over shape with lack of toe support was no surprise
given the relative solidity of the rear to mid foot but weak toe structure of the Jaipur
foot however, the radius of the roll-over shape was shorter than desired for walking.
The shorter radius was noted as giving greater apparent dorsiflexion which in turn
aided in actions such as squatting or tree climbing for which the Jaipur foot is so well
touted. In Eaton et al (Eaton et al., 2006) the finding of the short radius was
confirmed with the value of 150mm compared to 300-740mm of the other feet
tested. The arc length was also the smallest measured (129mm compared to 156-
224 mm) . When taken together these seem to r
greater lever length provided by the Jaipur foot compared to SACH feet is invalid
given the lack of toe support and short arc length however, it must be noted that in
sacrificing some of the functionality of walking it provides a wider range of functions
(squatting, tree climbing, etc.) that mean the foot is culturally more acceptable and

useful to the individual.
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In Kabra & Narayanan (Kabra & Narayanan, 1991a) standard Jaipur feet were
deflection tested without cyclic testing alongside the bony endoskeleton variant (see
Section 2.5.6 Bone endoskeleton Jaipur foot) however, only averaged deflections
were made available for the Jaipur feet with the respective standard deviations. The
feet were separated into left and right, all being size 7 for analysis with 4 right feet
and 11 left feet being tested. In toe loading a general progression was seen with
deflection increasing at each 10kg increase in load on the foot however, the
standard deviation was relatively large compared to the mean throughout in both left
and right feet (ranging from 5% to 32%) suggesting a large variation between
individuals in the group. This would be expected given the variations generated in
manufacturing; the weights were also noted to vary by as much as 7% (895¢g + 60g,
11 samples of left feet) and 3.5% (864g + 30g, 4 samples of right feet). The
deflections were given in degrees, measured from a custom set up designed by the
authors and described in more depth in Kabra & Narayanan (Kabra & Narayanan,
1991b). Table 1 includes the dorsiflexion results from (Kabra & Narayanan, 1991a)

as well as the increase in deflection caused by additional loading at each step.
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Right feet Left feet
Force Deflection Difference Deflection Difference
(kg) (degrees) (degrees) (degrees) (degrees)
10 5.75 2.75
(0.96) (0.89)
20 9.75 4.00 6.35 3.60
(0.50) (1.15)
30 14.15 4.40 10.29 3.94
(1.75) (1.59)
40 21.00 6.85 14.90 4.61
(5.15) (2.13)
50 26.75 5.75 19.90 5.00
(6.02) (3.21)
60 31.75 5.00 25.90 6.00
(6.02) (4.05)
70 36.75 5.00 30.00 4.10
(6.40) (4.87)

Table 27 Results of deflection testing from Kabra & Narayanan(Kabra &
Narayanan, 1991a). Results are averages with SD shown in brackets. Loads were
increased stepwise, the difference shown is the increase in average deflection from

the previous loading level.

Even between the two groups of feet (left and right) the behaviour was not
consistent with quite different deflections visible under the same load and the effect
of each 10kg increment had a different effect on the deflection, for example the 40kg
mark showed a 6.85° increase in the right feet while it only caused a 4.61° increase
in deflection of the left feet. At this point the totals were also very different: 21° for

the right feet while only 14.90° for the left feet. This was potentially due to the
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inconsistencies of manufacture for the Jaipur foot or alternately in the accuracy of
measurements made.

Arya et al (Arya et al., 1995) compared the ground reaction forces and other
associated properties of the SACH foot, Seattle foot and Jaipur foot in both walking
and jogging to compare performances. The parameters examined were the F,
impact force peak and loading rate, F, propulsive force peak, F, support impulse, Fy
braking impulse and the Fy propulsive impulse with the Z axis defined as vertical and
the Y axis being in the direction of travel. Forces were normalised to values of N/kg
body mass, loading rate to N/s.kg and impulses to N.s/kg. Only three subjects were
used with one declining to take part in the jogging trials. In the walking trials, the
Jaipur foot was shown to have a significantly higher impact force (2.25N/kg
compared to 1.29N/kg and 1.62N.kg) and impact load rate (190.3N/s.kg versus
96.8N/s.kg and 136.8N/s.kg) than the other feet (p<0.001, both cases) in mean
values across all subjects and trials. There was no significant difference found
between the feet in terms of propulsive force peak, support impulse or propulsive
impulse however, the Jaipur foot did have a significantly higher braking force than
the other feet (0.317N.s/kg compared to 0.288N.s/kg and 0.283N.s/kg, p<0.001).
Arya et al. considered this to indicate that the subjects had greater confidence in the
Jaipur foot and therefore carried more of their weight on it and infer that the Jaipur
foot then behaved more like the natural foot than the SACH or Seattle feet did. In
jogging the feet did not behave significantly differently except that the Jaipur foot
had a significantly lower propulsive impulse than the other feet (0.043N.s/kg versus
0.134N.s/kg and 0.111N.s/kg, p<0.001). The Jaipur foot is probably better suited to
walking rather than jogging given its lack of propulsive force and its higher mass.

The sample size was very small which would limit the use of this study in terms of
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recommending one foot over the other however, the greater loading by the subjects
on the Jaipur foot may suggest its use for less confident users.

Lenka & Kumar (Lenka & Kumar, 2010) conducted a study analysing many
different parameters of gait of seven young, male, trans tibial amputees while using
six different prosthetic feet, including the Jaipur, SACH, Dynamic, Ranger, Regal
and Greissinger feet. Velocity, cadence, stride length, gait cycle duration, double
support, single support, stance duration, step duration of prosthetic side, step
duration of normal side, swing duration of prosthetic side, swing duration of normal
side, symmetry of stance, symmetry step duration, symmetry double support and
symmetry swing were reportedly calculated by the authors. However, only mean
values for velocity, stride length and cadence were actually reported based on their
statistically significant results and the step length symmetry is mentioned for only
three of the feet. The subjects, when wearing the Jaipur foot were found to have a
velocity of 54.83 + 14.10 m/minute which was the fourth fastest of the six feet used
while the stride length was 1.13 + 0.24 m (fourth longest) and the cadence was
91.87 + 10.07 steps/minute (fourth largest). Step length symmetry was given for the
Jaipur foot as 87.93% compared to 88.47% for the SACH foot and 94.982% for the
Greissinger foot. Force sensor data was also gathered however, what was actually
reported was very limited. The load during initial stance phase was compared to that
of the sound limb and in the case of the Jaipur foot it would appear that the subjects
loaded the prosthesis more heavily than the intact limb. The push off action of the
Jaipur foot was found to be the worst of the feet tested which would agree with the
poor propulsive force recorded by Arya et al (Arya et al., 1995). Electromyography
was reportedly used to record data from the vastus lateralis, vastus medialis and
rectus femoris on both the sound and prosthetic sides although only the data for the

vastus lateralis was presented for either side. The data was normalised and while
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significant differences were found between the amplitudes on the prosthetic side
(p=0.011) no explanation was given as to the significance of this. It was noted that
the behaviour of both limbs was similar to the unamputated case when using the

Greissinger limb and presumably therefore when using the Jaipur limb is not. The

Physiological Cost Index (PCIl = < , measured in

beats/metre) was used as a measure of gait efficiency (more efficient gaits require
less energy and give a lower PCI value) and was found to be the highest in the
Jaipur foot of all the feet tested.

Jensen & Treichl (Jensen & Treichl, 2007) included four Jaipur feet from
different manufacturers, the BMVSS, NISHA, MUKTI and OM. There were no
significant differences in the manufacture of these feet; all are made of the same
basic materials although the individual sources are not described. The feet were
exposed to humidity or UV light and then tested as described previously in the
section on the ICRC foot. In static proof testing the untreated samples of the four
varieties of Jaipur foot showed toe deformation of between 47.34mm and 59.74mm.
In the samples exposed to UV this range was 41.32mm to 49.71mm, all feet showed
a decrease in maximum deformation. The creep observed was also less in all cases
however, the permanent deformation observed was less in three cases and slightly
greater in one, the BMVSS model. In heel loading the untreated feet had a range of
deformation of 15.58mm to 17.57mm while range of the UV treated feet was
13.41mm to 18.82mm. The maximum deformation was less in the UV treated
samples except for the NISHA foot in which the deformation was larger. The creep
was less in all cases while the permanent deformation was greater in all cases
except that of the BMVSS foot where it was less.

In static strength testing the effect of exposure to UV light or humidity was to

reduce the maximum and permanent deformation (except for permanent
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deformation of the MUKTI and OM heels where no record was given). All the
untreated heels maximum deformation was to a similar level however, the forefoot
loading gave much larger deformation in the MUKTI (79.64mm), the OM (73.46mm)
and the NISHA (62.30mm) than in the BMVSS (42.83mm). The effect of UV light
and humidity on the maximum and permanent deformation of the MUKTI and OM
feet was much more pronounced than on either of the other feet. This may suggest
that the rubbers used for the shell were quite different and some were more affected
by environmental conditions than others which could have implications related to
performance of a prosthetic foot over the course of its lifetime however, only one
foot of each Jaipur type was tested without exposure to UV or humidity, so the
results may have been non-representative. The Jaipur feet showed significantly
higher maximum deformation than the non-Jaipur rubber feet (p<5E8), significantly
higher permanent deformation of the forefoot (p<0.00003) and significantly higher
permanent deformation of the heel cushion (p<0.05).

All Jaipur varieties passed the two million cycle mark required in cyclic testing
however, on sectioning they were all found to have succumbed to delamination of
the foam rubber layers. According to the strictest interpretation of ISO 10328 none
of the Jaipur feet would have passed however, given the section on single
component testing all the feet may be considered to have passed.

The Jaipur foot has also been thoroughly field tested particularly in studies led
by Jensen (Jensen, Craig, Mtalo, & Zelaya, 2004a, 2004b; Jensen & Raab, 2006),
which will be discussed shortly. It is worth noting that the Jaipur foot, which has
been made available since the 1970s, was not clinically field-tested until the early
2000s. Jensen et al (Jensen et al., 2004a) described a study following up trans-
femoral amputees given the HDPE Jaipur limb which included a Jaipur foot. 72

subjects were followed up with 25 being non-users, one of whom had a foot that
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failed. Of the 47 users 22 sustained foot failures with 6 requiring a new foot. In one
case the toes were cut, in five cases the foot screws failed and in the remaining
sixteen cases the foot sole/keel was the issue. 8% of the total limbs used required
replacement on account of a failed foot.

In the same year Jensen et al. also published a study following up on trans-
tibial amputees using the HDPE Jaipur limb including the Jaipur foot (Jensen et al.,
2004b). 172 subjects were followed up with 10 being non-users, 35 having non-
system related failures, 13 having no complaints. The remaining 122 subjects were
users who experienced a system-related failure. Of these 12 of the prostheses
suffered from cut toes, 6 from failure of the cover, 10 from failure of the screws and
77 from failure of the sole or keel. Foot failures occurred in 57% of the users but the
aut hors found this was Osignificantly
daily use (p<0.0002), bare-foot walking (p<0.01) and of user intensity
(p<0. 00000 a&Nonttd survivelhmas found to be 82% (73-89%) while the
36-month survival was 53% (42-63%). It was noted that among the subjects from
rural Uganda and India with failed feet 50% of them use the prosthesis barefoot
while in the non-failing group only 20% used the prosthesis barefoot.

Jensen & Raab (Jensen & Raab, 2006) followed 81 amputees in Vietnam given
Jaipur feet. 41 of the subjects were given a MUKTI made Jaipur foot and 40
subjects were given a NISHA made Jaipur foot. The two groups of subjects were
quite similar except for that the MUKTI group was 90% urban while the NISHA
group was 73% rural. 42 of the feet failed during the study with 20 of those being
because of a worn keel. 14 of the MUKTI feet had issues with the screw attachment
at the top of the foot resulting in a polypropylene ring being added. The authors
stressed that this was a failure in terms of choice of attachment method and not the

foot itself. 5 of the failures were attributed to sole failure, 2 failures were due to the
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bolt attachment, 1 because of the foot cover and 1 because of an ankle fracture.
The survival of the feet was 89% at 12 months and 73% at 16 months. There were a
greater number of failures in the first 12 months of the NISHA foot however, after 16
months there was no difference between the feet. 98% satisfaction was reported
among subjects whose prostheses failed however, 10% of subjects complained of
discomfort and/or pain. All users were walking greater than 1km daily and were
wearing their prosthesis for an average of 14 hours daily. Overall it was found that
the Jaipur feet tested here performed worse than in Jensen et al (Jensen & Raab,
2006) but that the failures were of a similar nature. In terms of the failure at the heel
block Jensen & Raab (Jensen & Raab, 2006) suggested that the problem was in
manufacturing technique and that the advantage in the separate layers of sponge as
praised by Sethi et al (Sethi et al., 1978) was not valid.

Jensen & Raab (Jensen & Raab, 2006) did find that 99% of the subjects
followed were able to squat using a Jaipur foot. In Jensen et al (Jensen et al.,
2004a) of the 23 trans-femoral subjects asked only 4 could squat using the limb and
only 3 could sit cross legged however, as the trans-tibial amputees were nearly
universally able to squat the difference for trans-femoral amputees was likely to be
in the prosthetic system rather than the foot specifically. Not all of the claims made
by Sethi et al (Sethi et al., 1978) can be upheld however, there is no doubt that the
Jaipur foot has made a significant contribution to amputees worldwide at least

partially thanks to the design not being patented by Dr. Sethi.

2.5.6 Bone endoskeleton Jaipur foot

Kabra & Narayanan (Kabra & Narayanan, 1991a) took a very different approach
in that rather than trying to replicate the function of the natural foot by using three
blocks as in other Jaipur feet they rather would use the remains of the natural foot if

possible. Initially an otherwise intact and healthy (e.g. not osteomyelitic) cadaveric
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foot had the muscles and fat removed leaving only the bone structure and joint
capsules fixed with ligaments. This structure was then treated in formalin. The tibia
and fibula were fixed to a wooden block that housed a carriage bolt and the foot and
block structure was covered in black cushion compound. At this point the process
came to strongly mirror the usual Jaipur foot, the foot was wrapped in tire cord, a
sole made of tread compound was applied and red cushion compound applied
elsewhere prior to vulcanisation (see Figure 17). Three feet were made in this
method and were tested alongside 15 standard Jaipur feet (4 left, 11 right, only
averaged results were available for these groups) in forced deflection at 10kg
increments up to a maximum of 70k g. The d&ébc
also subjected to cyclic loading at 1Hz to 3cm deflection (reported to be
approximately equivalent to 60kg) to 5000 cycles and 100000 cycles with one
prosthesis tested to 3 million cycles. After each milestone in cyclic testing the
prostheses were radiographed and again subjected to the forced deflection tests.
The results of the radiograph did not show the internal structure to have been
displaced or any of the bones or trabeculae to have fractured, even following the 3
million cycle test. The toe deflection after cyclic testing was not different after 5000
cycles but did increase after more cycles however, the increase occurred in the first
10kg loading and each added 10kg load only produced a similar deflection before
and after testing. Heel deflection was not affected by cyclic testing. When compared
to the typical Jaipur foot the toe deflection in the bone endoskeleton foot was greater
initially but levelled off whereas the Jaipur foot did not. The heel deflection was
similar with the Jaipur foot deflecting slightly more. The authors considered that as
the foot lasted to 3 million cycles it satisfied the survival conditions of a foot since no
change occurred during the 3 million cycles. They noted that the cyclic test does not

take into account aging effects, but that dehydration and autolysis were unlikely to
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occur as the endoskeletal structure was formalin fixed and sealed in rubber. One
particular advantage postulated was that the articulations would be in the correct
locations rather than an approximation as in the Jaipur foot. Unfortunately, no further
work has been reported on this development however, as the authors suggested
there was a lack of fresh cadaveric feet for this use it may be that this limited their

research or else made it unfeasible as a long-term solution.

Figure 17 7 The bone endoskeleton variety of the Jaipur foot (Kabra & Narayanan,
1991a)

2.5.7 Niagara foot
The design for the Niagara foot was patented in 2001 by Robert Gabourie of
Ont ari o, Canada as O0a prosthetic foot i ncl u
motion in the foot, particularly a unitary foot structure providing a selectable degree
of plantar flexion, dorsiflexion and a stiffstru c t ur e f (Gabouri@ 2001) (sefe 6

Figure 18).
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C-section

Figure 18T A Ni agara f oot showing it s(Hdbermant ar y o,
2008)

The Niagara foot was designed with active amputees in low-income countries in
mind, and more particularly those in areas affected by landmines (Beshai & Bryant,
2003). One of the main points in the design was the separation of cosmesis from the
keel as is fairly typical of Western prostheses. The failure of cosmeses is well
recorded in literature (Jensen et al., 2004b)(Jensen, Nilsen, Thanh, et al., 2006) so
the idea that a cosmesis could be replaced as needed is attractive compared with a
new prosthesis solely due to cosmesis wear. Andrysek (Andrysek, 2010) however,
stated that as many amputees were unable to make the trip required to a prosthetist
for a replacement cosmesis focus should be applied to making a more durable
cosmesis. Beshai & Bryant (Beshai & Bryant, 2003) suggested amputees could
replace the cosmesis by themselves 6simply a

The more significant aspect of the design is that which is described in the
patent, the integral spring motion with plantar flexion, dorsiflexion and a stiff
structure for toe off. This was achieved through the structure of the keel as imaged
above (Figure 18). On heel strike the lower C-section deflects upwards causing the
toe to deflect downwards. As weight is transferred forwards the lower C-section

springs back aiding in roll-over. As the toe is loaded the upperC-s ect i on i s Owo L
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storing energy in preparation for toe off. As toe off is achieved the upper C-section
can spring back providing energy return at an appropriate time (Beshai & Bryant,
2003). This winding gives the impressio
during a field trial in Thailand (T. Ziolo & Bryant, 2001). In the trial 15 subjects were
given a choice of two Niagara feet to use, one being stiffer than the other and so
suited for greater weight or activity, and then asked to fill out a questionnaire to
gauge their opinion in comparison to their original prosthesis. The only area to show
a significant difference in opinion between original and Niagara feet was ease of use
(p<0.001). 7 of the subjects were given the feet for two days after which they were
given the same questionnaire again. The only significant finding in these subjects
was that the effort required on the opposite side was reduced using the Niagara foot
after initially reporting it required more effort. Ziolo & Bryant (T. Ziolo & Bryant, 2001)
explain this as an effect of the energy return of the Niagara foot causing less effort
to be required in order to achieve toe clearance. The subjects did however,
complain that the prosthesis was unable to fit into their shoes while Ziolo & Bryant
noted that the foot was designed with barefoot or sandal use in mind and that the
subjects in fact used athletic shoes in their daily activities.

Initially the design was tested virtually by Finite Element Analysis and optimised
prior to physical testing to the A60 (now P3) level of ISO 10328 in both static and
cyclical tests. No failures or significant wear were observed over 3 million cycles and
only a minor permanent upward deformation of the toe was seen (Beshai & Bryant,
2003). In laboratory testing by Haberman (Haberman, 2008) it was found that the
Niagara foot had the highest displacement but also the greatest stiffness when
compared to Otto Bock Axtion (106kg), Axtion (124kg) and SACH 0176 feet. The
stiffness was found to increase as the displacement increased and was said to

account for the softness reported by subjects in clinical trials. Haberman found that
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a SACH foot has a soft heel and a stiff toe while the Axtion foot (representative of
Dynamic Energy Return (DER) feet) had a stiff heel and a soft toe. When the
Niagara foot was compared to these two it was decided that it represented an
intermediary between SACH and DER as it possessed a stiff heel and a toe with
stiffness initially similar to the Axtion foot but growing increasingly stiffer as it was
further displaced.

Eaton et al (Eaton et al., 2006) in their comparison of roll-over shapes found the
Niagara foot to have the second longest arc length of the feet tested (204mm versus
224mm of the Shape and Roll foot) and a short radius (300mm versus 390mm mean
of all feet). This was a longer arc length than the natural foot tested (156mm) and a
shorter radius (420mm). There was no mention of the foot feeling long or unusual
reported by subjects in Ziolo & Bryant (T. Ziolo & Bryant, 2001) so it is possibly not
different enough to matter.

Despite the initial design of the Niagara foot being geared towards low-income
countries an updated version has been released as the Rhythm foot which appears

to be distinctly marketed towards Western users (Rhythm Foot, 2013).

2.5.8 Shape and Roll foot

The Shape and Roll foot was designed within Northwestern University,
Chicago, based on work by Knox in his thesis at the same university (Childress,
Sam, Hansen, Meier, & Knox, 2004). The work of Hansen through his thesis and a
number of papers resulting from it (A. H. Hansen, Childress, & Knox, 2000; A.H.
Hansen, 2002; A.H. Hansen & Childress, 2004, 2005; Andrew H Hansen, Childress,
& Knox, 2004; Andrew H Hansen, Childress, & Miff, 2004; Andrew H Hansen,
Childress, Miff, Gard, & Mesplay, 2004), solidified the concept of a roll-over shape
by which the action of a prosthetic foot could be defined. The idea of a roll-over

shape is that the natural foot adapts to external influences and in doing so produces
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a smooth transition of load along the foot, measurable as the position of centre of
pressure relative to the ankle joint, through ground contact period. The shape and
roll foot was designed to provide support in the pattern of an intact limb and so give
the user a more natural gait. The basic design of a shape and roll foot was a
moulded blank with the base shaped as the sole of a shoe and a prism on top,
which may be cut at varying intervals to give the desired flexural pattern and so roll-
over shape (M. Meier, Steer, Hansen, Sam, & Childress, 2006) (see Figure 19 for
the design of the foot and Figure 20 for the comparative roll-over shape of a natural

foot and the shape and roll foot).

T

Figure 197 A side and top view of a shape and roll foot (M. Meier et al., 2006)

50



Figure 20 7 Roll-over shape of a natural foot and a shape and roll foot ((Childress,
Hansen, Meier, & Steer, 2005)

The depth of the sole may be adjusted to compensate for weight or activity level
while the position of the cuts along the wedge section adjusts the effective radius of
the foot and so tailors the foot for users of different heights (M. Meier et al., 2006) as
was originally envisioned for the design (Childress et al., 2005). A comprehensive
instruction manual had been written (M. Meier et al., 2006), including instructions for
making the manufacturing equipment required, so that the foot may be reproduced
elsewhere, despite the patent held for the design.

Cyclic testing was carried out at Northwestern University with the results of 3
feet reported at reaching 3.8, 2.8 and 2.2 million cycles without failing, which was
greater than the 2 million cycles required by ISO 10328 (M. R. Meier, Sam, Hansen,
Childress, & Casanova, 2004a). Subsequently a small (n=10) clinical test was
made in the USA where subjects were questioned on their opinion of their normal
prosthesis and the shape and roll foot following three weeks of use. M. R. Meier et
al. (M. R. Meier et al., 2004a) report that no significant differences were shown in
the subject when using their normal prosthesis or the shape and roll foot. A further
clinical trial was carried out in El Salvador with the same questionnaire asked of the
subjects of their normal prosthesis and then the shape and roll foot after three
weeks of use. In the El Salvador trial the shape and roll foot was found to give a

significant increase in distances walked by subjects while improvements were also
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seen in the ability to walk quickly and to walk along with non-amputees (M. R. Meier,
Sam, Hansen, Childress, & Casanova, 2004b).

Eaton et al (Eaton et al., 2006) calculated the roll-over shape of a shape and
roll foot in comparison to certain other prosthetic feet and found the shape and roll
foot to have an arc length of 224mm and a radius of 360mm compared to the natural
foot measuring an arc length of 156mm and a radius of 420mm. The arc length is
anecdotally linked to stability (Eaton et al., 2006) as it effectively gives the length of
contact between the foot and floor while the radius indicates how easy it is to move

over the foot with smaller radii being easier. Shape and roll feet are customised to

the individual s di mensions (e.g. radi

length (M. Meier et al., 2006)) and activity level however, there was no mention as to
the configuration of the shape and roll foot in this case i.e. if it was intended to
match the natural foot tested or if it was simply treated as a standard example of the
foot. As the shape and roll foot was designed to have a customisable roll-over shape
this is a significant point as it was not, as with most other feet, a standard
component with little variation.

The shape and roll foot has been used in other studies related to more general
behaviour of prosthetic feet, particularly two papers by Klodd et al. (Klodd, Hansen,
Fatone, & Edwards, 2010a, 2010b). In Klodd et al (Klodd et al., 2010b) the effect of
forefoot flexibility on oxygen cost and subject preference was recorded by using sets
of shape and roll feet cut to different degrees of stiffness. While the authors had
expected that the lowest oxygen cost would be observed with the foot most closely
set up to mimic the natural foot the data did not support this with no significant
differences found in oxygen consumption regardless of foot used. The subjects in
testing did show a preference for the middle or slightly stiffer feet of the five tested,

eschewing the most flexible feet. In Klodd et al (Klodd et al., 2010a) it was observed
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that the more flexible forefeet led to a limp in subjects. It was suggested that this
was as a result of the ground reaction force not being able to progress far enough
forward due to the high flexibility, effectively making the foot length shorter which

was undesirable.

2.5.9 Blatchford Atlas

The Atlas system was created at Blatchford by J. Shorter and A. Evans and
patented in the USA in 2000 (patent no. 6,083,265). It consisted of a combined foot
and shin covered in a polyurethane foam cosmesis (see Figure 21). The shin was in

the form of an I-beam that could be cut to the required length.

Figure 217 The Atlas system showing the combined heel and shin (Shorter &
Evans, 2000)
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Jensen & Raab (Jensen & Raab, 2002) conducted a field trial of the Atlas
system for trans-tibial amputees in Cambodia and El Salvador. It was found that of
the 87 subjects followed 15 were non-users (17.2%) and 41 had failed prostheses
(47.1%). Among the non-u s e reasons for giving up use included non-fit, cracking,
| ooseness and noise from the pr oshrhieeskisng 0T h
came from the shank or foot and was believed to be caused by movement between
the chassis (for attachment of the socket and | beam) and the | beam. Attempts
were made to tighten the screws and resin was added in two cases however, on
sectioning of the prostheses later there was found to be movement between the foot
plate and the keel as well as the heel padding and the cushion. The failures included
shank fracture in 24 cases (58.5% of failures, 36.4% of all users) as well as
tightening of the | beam chassis interface required (11 cases, 7 going on to break
later), 5 cases of cosmetic cover failure and 9 cases of the sole being badly worn. In
either of the two groups the survival rate was 40% or lower by 24 months. It was
noted that wear of the foot required replacement of the foot and shin which is costly
and as 22% of the feet had been observed to be badly worn in between 5 and 31
months the rate of replacement would be high. Jensen & Raab (Jensen & Raab,
2002) concluded that the Atlas system was unacceptable for use and that it did not
perform better than the SACH feet already available in the area. A later study by
Jensen & Raab (Jensen & Raab, 2003) looked at the use of the Atlas system in
trans-femoral amputees. It found that the knee joint in this case was the weak point
(55 failures in 66 subjects) but in two cases fracture of the shank/ankle was
recorded. Jensen and Raab (Jensen & Raab, 2003) concluded that the Atlas system
for trans-femoral amputees should be abandoned from use and stressed the
importance of independent clinical field studies prior to market launch. The Atlas

system should be considered a cautionary tale in prosthetic limb design.
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2.5.10 EB foot

The EB-1 foot was a development of the Prosthetics Outreach Foundation
consisting of a wooden wedge keel, stacked rubber plates for a heel, cotton rubber
sole and a rubber cover (Jensen, Nilsen, Zeffer, et al., 2006)(see Figure 22 for a
cross section). Due to the extensive use of rubber in the design the EB foot was
relatively heavy, weighing 809.8g according to Sam et al (Sam et al.,, 2004)

compared to the study mean of 526.5g.

[

Figure 221 A cross section of the EB foot (Jensen & Treichl, 2007)

The EB foot was included in the work of Sam et al (M. Meier et al., 2006) where
it was found to show a roll-over shape similar to other SACH feet including the sharp
drop off of toe support. Jensen & Treichl (Jensen & Treichl, 2007) tested the EB foot
in both its virgin condition as well as after exposure to UV light and humidity (as
described in the section on the ICRC foot) to the standards of ISO 10328. Humidity
was found to cause a decrease in maximum deformation of the forefoot but an
increase in creep and permanent deformation while an increase in all areas was

seen in the behaviour of the heel under static proof conditions. UV light exposure

55



caused an increase to maximum deformation and permanent deformation but a
reduced creep of the forefoot while the heel was observed to have a reduced
maximum deformation and creep but an increased permanent deformation. When
tested to static strength conditions humidity was found to decrease permanent and
maximum deformation of the forefoot while increasing both in the heel. UV light
caused a decrease in maximum and permanent deformation of both the forefoot and
heel. After cyclic testing deformation of the rubber under the keel was observed in
common with a number of the other feet tested. Jensen & Treichl (Jensen & Treichl,
2007) note that the foot would have met the standards of ISO 10328.

The results of two clinical field tests of the EB foot were available, that of
Jensen et al (Jensen, Nilsen, Zeffer, et al., 2006) and Jensen et al (Jensen et al.,
2005). Jensen et al. (Jensen et al., 2005), followed 41 subjects provided with the EB
foot after 20 months (20-22 months). 5 subjects were non-users (14%) while the
users wore their prosthesis for 12 hours a day (3-14 hours) with 29 (81%) walking
greater than 1km each day. 25 users were in a dry rural area and the other 11 were
urban dwelling. 21 failures were recorded although it is not mentioned if any of the
failures occurred within the same prosthesis. 8 of these failures required a new foot
and 3 required a new prosthesis. Subjects reported 83% (30 subjects) satisfaction
with the EB foot.

Jensen et al (Jensen, Nilsen, Zeffer, et al., 2006) followed 33 subjects, 3 of
whom were non-users (9%) after 20 months (20-22 months). The 12-month survival
rate was 100% and at 18 months only 1 prosthesis had failed (97% survival). At 20-
21 months (the end of testing) the survival rate was 67% (22/33). 28 of the 30 users
walked more than 1km daily (93.3%) with none of the prostheses used barefoot.
45% found the foot heavy but 91% satisfaction was reported despite 11 new feet

being required (36.7% of users). 13 failures were reported, 1 was due to the foot
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cover, 4 were due to a worn sole and 8 were due to a worn keel. The failure of the
wooden keel was reportedly due to rot (see Figure 23). With improvement to the
protection of the wooden keel the EB foot could be an effective foot for low-income

countries.

Figure 237 The EB foot showing rot of the keel at the top (Jensen, Nilsen, Zeffer, et
al., 2006)

2.5.11 Kingsley Strider

The Kingsley Strider is a type of SACH foot produced by Kingsley
Manufacturing Company (Costa Mesa, California, USA) consisting a wooden dog
tail-shaped keel with a flat belt drive for toe support and a polyurethane heel, sole

and cover (see Figure 24)(Jensen & Treichl, 2007).
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Figure 24 7 A cross section of the Kingsley Strider (Jensen & Treichl, 2007)

Jensen & Treichl (Jensen & Treichl, 2007) tested a set of Kingsley Strider feet
to ISO 10328 standards, some of which had been exposed to humidity or UV light
as described previously. During testing to the static proof level, the effect of UV light
was to reduce maximum deformation, permanent deformation and creep in the
forefoot but to increase all of them in heel loading. Humidity was observed to
increase all measures in forefoot loading while in heel loading the maximum and
permanent deformations increased while the creep was reduced. When loaded to
static strength levels the effect of UV and humidity on the forefoot was to reduce
maximum and permanent deformation. UV light exposure affected the heel by
causing increased maximum and permanent deformation while humidity caused the
maximum deformation to increase while the permanent deformation decreased.
After cyclic testing permanent deformation of the polyurethane foam under the keel

was observed. Jensen & Treichl state that the Strider would not pass the most
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stringent interpretation of ISO 10328 but given the allowance for separate foot ankle
unit testing then the Kingsley Strider may be considered to meet the standard.

In Jensen et al.6 s s (Jemsiry, Nilsen, Thanh, et al., 2006) 33 subjects in El
Salvador were provided with Kingsley Strider feet and followed up to generate data
on survival and types of failure of the foot amongst other information. 16 of the
subjects lived in dry rural conditions with 12 recorded as living in an urban
environment, leaving 5 subjects unspecified. 26 of the group (79%) claimed to use
the prosthesis for over 1km of walking each day with the average number of hours
use daily recorded as 15 (3-16 hours). 26 of the subjects (79%) were satisfied with
the prosthesis with only 2 (6%) stating their dissatisfaction. The foot survival at 6,
12, 18 and 24 months were 94%, 73%, 45% and 39% respectively. In the 29 cases
of failure 20 were due to the foot sole being worn (see Figure 25) and the other 9
were due to the keel being worn. Of these 29 cases, the foot was replaced in 26
instances (90%). The performance in this test was level with that of the HI-foot from

Handicap International.
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Figure 2571 Fracture of the forefoot of the Strider (Jensen, Nilsen, Thanh, et al.,
2006)

2.5.12 Ho Chi Minh City (HCMC) foot

The HCMC foot was developed jointly by the ICRC and the Army Factory in Ho
Chi Minh City and was intended to be used either barefoot or with slippers. Verhoeff
et al (Verhoeff et al., 1999) described the HCMC foot as having a keel made from
polypropylene pellets oven heated and pressed into a mould, a sole of rubber similar
to a tyre tread, a rubber cover on the dorsal side in the inside filled with a foam

rubber (see Figure 26). The entire structure was then vulcanized.
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Figure 26 i The HCMC foot in section (Verhoeff et al., 1999)

The subjects in Verhoeff et al (Verhoeff et al., 1999) had both their load levels
and hours of use recorded for use in analysis of failure rates. It was found that the
hours of daily use were more related to failure than the load level. For the 43
subjects followed a total of 40 replacement feet were provided with 3 subjects
receiving 3 replacements each and a further 3 subjects receiving 2 replacements
each. These 6 subjects were using their feet for an average of 12.7 hours a day at a
high or very high load level. Of all feet, the average life span was 8.9 months
however, in the group using the feet for between 12-16 hours per day the average
life span was only 6.8 months. The specific causes of foot failure were not given
however, as they appeared to be more related to hours of use rather than level of
use environmental conditions may have been a significant factor in the breakdown
of the feet.

Jensen & Heim (Jensen & Heim, 1999) tested a number of polypropylene
SACH feet in Vietnam including the HCMC foot. 9 subjects were given the HCMC

foot out of a total of 34 in this fairly small trial. The subjects were recorded as using
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the prosthesis on average 14 hours a day (12-15 hours), 5 covering more than 2km
a day, 3 between 500m and 2km and 1 covering less than 500m a day. 8 lived in a
dry rural setting and one in a wet rural setting. 7 of the feet failed during the study,
the first at only 3 months and a further 3 failing at 5 months. By 9 months into the
study the survival of the HCMC foot was only 45%. 9 failures were recorded in the 7
failing feet including 2 cases of a dorsiflexed foot, 4 failed keels and 3 failed soles.
Jensen & Heim do note that the HCMC foot was under a design overhaul at this
time.

By 2007 when Jensen & Treichl reported the results of their series of tests to
ISO 10328 level (Jensen & Treichl, 2007) the HCMC foot did have a different design
involving an ebonite keel with a foam rubber flat belt drive support in the forefoot, a

foam rubber cushion heel and a rubber sole and cover (see Figure 27).

Figure 27 7 The HCMC foot as it appeared in 2007 (Jensen & Treichl, 2007)
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The feet were tested in virgin form, after exposure to humidity and UV light as
described previously. In static proof testing exposure to humidity caused a slight
decrease in permanent deformation and creep in both heel and forefoot while a
slight increase in maximum deformation was observed in either loading condition.
Exposure to UV light caused a decrease in all measurements in the forefoot while at
heel loading an increase in maximum deformation as observed while the creep and
permanent deformation decreased. When loaded to static strength conditions either
exposure caused the maximum and permanent deformations at the forefoot to
decrease. At the heel either exposure caused reduced permanent deformation but
increased maximum deformation. The HCMC foot was the only foot considered by
Jensen & Treichl (Jensen & Treichl, 2007) to have passed ISO 10328 to the most
stringent level having a permanent deformation of less than 5mm under static proof
loading. After cyclic loading was completed compression of the foam under the keel

was observed as in a number of the other feet.

2.5.13 Seattle foot

The Seattle foot was developed over a number of years with many individuals
involved (Hittenberger, 1986) and was r el eased in 1981
prosthetic foot (Hafner, Sanders, Czerniecki, & Fergason, 2002b). It consisted of a
shaped keel made of Delrin® (an acetal homopolymer), a reinforced toe plate (of
Kevlar®) and a polyurethane foam covering (see Figure 28). By maintaining a
simple design, the manufacturing costs were kept low. The function of the foot was
of greater interest to the designers though with two of the designers listing the

following criteria for the foot:
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1. Be capable of deflecting 1-% inches at the metatarsal area under a
vertical load of 435 pounds. To do this reliably would require the longest
possible spring.

2. Feel natural and stable in all phases of gait. This would require adequate
dampening during the storage and release of energy at heel-strike and
push-off.

3. Have a useful life of at least three years. This would require a durable
material for the spring, to make it endure 50,000 cycles at 2.8 x body
weight loading or 1,000,000 cycles at 1.4 x body weight, with a
permanent set of less than .06 inches.

4. Have the lowest possible weight.

5. Have the lowest possible production cost. This implied a monolithic
mouldable keel rather than a composite one.

6. Have a natural cosmetic appearance.

7. Be compatible with existing prosthetic components and techniques.

8. Have a centre of rotation as close to the natural ankle centre as possible.

(Hittenberger, 1986)

Figure 28 1 Cross section of the Seattle foot showing the three components (shaped
keel, toe plate and foam cover) (Hittenberger, 1986)
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Hittenberger (Hittenberger, 1986) stated that failure of the foam was an issue,
particularly when used barefoot. Huston et al (Huston et al., 1998) noted that the
Seattle foot was too wide to comfortably fit into narrow shoes and that this was one
of the factors leading to the design of the Seattle Lightfoot (see the following section,
page 67).

Following the study of Torburn et al (Torburn et al., 1990) all patients chose
energy storage and return (ESAR) feet rather than return to a SACH foot (4 out of 5
cases; the other patient had an ESAR foot prior to the study). The Seattle and
Carbon Copy Il foot were chosen but not the Flex foot, something which Hafner et
al. (Hafner, Sanders, Czerniecki, & Fergason, 2002a) claim was partially due to
cosmetic appearance but largely due to the perception of faster walking speed and
increased stability although Torburn et al. (Torburn et al., 1990) mentioned that for
some of the subjects the appearance was important but that all subjects chose the
foot that gave them the greatest velocity during free walking regardless. Torburn et
al. found no statistically significant differences among the feet they tested (Seattle
SACH, Carbon Copy Il, Flex foot and STEN) in terms of velocity, stride length or
cadence nor in measures of vertical ground reaction force (maximum loading,
minimum midstance and maximum terminal stance). In a 20-minute oxygen
consumption test there were no differences found between the feet in terms of
oxygen consumption or distance walked. Ultimately Torburn et al. acknowledged
that further testing was required, particularly including a greater number of subjects.
In a test of 10 amputees Perry & Shanfield (Perry & Shanfield, 1993) found that
there was no significant difference in loading of the Seattle foot compared to the
SACH, Carbon Copy Il and Quantum feet however, the Flex foot produced a
significantly lower peak load. During testing it was also found that there were no

significant differences in the energy expenditure or velocity of the subjects when
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wearing the different feet which agreed with the findings of Torburn et al. (Torburn et
al., 1990). Arya et al. (Arya et al., 1995) compared the SACH, Seattle and Jaipur
feet in results stemming from ground reaction forces in three subjects. They found
that the Seattle foot did not absorb shock as well as a SACH foot and that there
were no significant differences in gait style between the three feet. The Jaipur foot
was found to have a more natural performance than the other feet based on the
anteroposterior braking force observed being larger than the other feet and closer to
the natural foot despite not showing any other significant differences to the SACH or
Seattle foot.

Murray et al (Murray et al., 1988) asked for the opinion of users to gauge the
performance of the Seattle foot. In responses from 31 users of the Seattle foot, all of
whom had the foot fitted in the two years prior to the study start, Murray et al. found
that user opinion of the Seattle foot was largely positive. The heel was felt to be of
acceptable stiffness in 80% of responses, range of ankle movement was felt to be
good in 81% and 55% felt that shock stress at knee and hip was reduced while a
further 39% reported no difference. 87% felt that the Seattle foot improved their gait
(13% reported no change) and 87% were aware of the toe off action that was most
noticeable when carrying out more strenuous actions (running, climbing up or down,
etc.). 48% would have preferred a greater toe off action while 52% were satisfied (it
is not mentioned if this includes those who were unaware of it or not). Stair use,
hiking, jogging and dancing were found to be easier by over 50% of respondents
although there was no breakdown on the previously used prostheses for
comparison. As part of Wirta et al's gait study (Wirta et al., 1991) patients were
asked to use each prosthesis for a week before the gait trial and were asked to rate
the foot on a 5 point scale (poor, fair, good, excellent, superior) and comment on the

foot. The Seattle foot scored 1 poor score, 2 fair scores, 4 good scores, 9 excellent
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scores and 3 superior scores (the greatest number of excellent and superior scores
and equal lowest poor scores) and received comments praising its comfort and
ability on slopes. Older subjects however, complained that they were being thrust

forward and had balance and control issues. Noting trends in response Wirta et al.

suggestedt hat t he Seattl e f oo tlightweight, ppedientflengthr e d

resi dual l imb and average stride | engtho

was shown to have a lower angular acceleration at 8% of gait cycle, representing
shock, than the Otto Bock single axis foot or the Greissinger multi axis foot however,
it was slightly larger than those of the SACH or SAFE foot. The shock in the Seattle
foot was calculated for level walking, up slope, down slope, lateral decline and
lateral incline walking and was typically one of the higher values at lower velocities
however, the shock did not increase with increasing velocity as much as in some of
the other feet. This suggested that using the Seattle foot at greater velocities will
bring less shock than say a SACH foot however, the inverse is true for lower
velocities so normal walking speed would potentially determine comfort for the user.

The Seattle foot was an improvement on existing prosthetic feet when it was
introduced however, it was more properly an improvement for the active amputee
who was able to walk quicker or jog or dance, etc., with greater ease. There were
improvements to be made and some of these were addressed with the introduction

of the Seattle Lightfoot.

2.5.14 Seattle Lightfoot

The Seattle Lightfoot improved upon certain issues present in the Seattle foot; it
was for example lighter and slimmer while maintaining a similar performance to the
Seattle foot. The Lightfoot included a hollow area and a different keel shape but was

otherwise the same (see Figure 29 for a comparison of the two feet).
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Figure 297 A comparison of the Seattle foot (top) to the Seattle Lightfoot (bottom)
(Huston et al., 1998)

A number of studies carried out have included stride length, velocity and
cadence as a measure of the prosthesis with figures approaching normal being
considered indicative of good prosthetic limb function. Snyder et al (Snyder et al.,
1995) recorded a mean velocity of 65 m/min (average for all feet tested was 66.5
m/min), a stride length of 1.25m (all feet average was 1.28m) and a cadence of
103.1 steps/min (all feet average was 103.5 steps/min) from 7 below-knee vascular
amputees using the Lightfoot. The other feet tested were a Kingsley SACH foot, a
Flex foot, a Quantum foot and a Carbon Copy II. During the same testing, the
maximum terminal stance ankle dorsiflexion on the amputated side was found to be
16.1° for the Lightfoot which was significantly less than for the Quantum or Flex feet
(p<0.05) and the knee flexion on loading of the sound side was 20.9° which was not
significantly different to the other feet. The peak vertical ground reaction force of the
Lightfoot was found to be 106.7% bodyweight compared to 123.2% on the sound
side. This pattern of greater load on the sound limb was echoed in the other feet
with the exception of the Flex foot, which showed greater loading on the prosthetic

side.
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Perry et al (Perry et al., 1997) carried out tests on 10 trans-tibial vascular
amputees while using single axis, Seattle Lightfoot and Flex feet. The mean velocity
when using the Lightfoot was 68.5% normal, the stride length was 75.7% normal
and the cadence was 93.1% normal. Unfortunately, no clear values are provided for
normal, so the results cannot be converted to absolute terms for comparison with
other studies. The time to foot flat as a percentage of gait cycle was recorded and
found to be 21.0% in the Lightfoot, which was significantly later than normal
(p<0.05). The time to contralateral toe off was recorded in the same way and found
to be at 16.3%, which is significantly later than normal (p<0.01) but was opposite the
normal pattern in that it occurred before foot flat. The peak knee flexion was less
than normal (12.2° versus 18.2°) but not significantly so, it did however, occur
significantly later (20.0% gait cycle versus 13.4% (p<0.01)). The peak dorsiflexion,
plantar flexion and knee flexion angular velocities were all significantly slower than
normal (p<0.01) although there was no significant difference in timing. The
compliance of knee and ankle joints when wearing a Lightfoot was not significantly
different from normal. Perry et al. found these results to suggest that the Lightfoot
had a relatively stiff construction and with the low compliance at the ankle this lead
to a prolonged heel only support shown by the greater than normal time to foot flat.

Rao et al (Rao et al., 1998) also included velocity, stride length and cadence
among their measurements. Among the 9 trans-tibial vascular amputees the mean

velocity when using the Lightfoot was 64.2 m/min, which was significantly slower

than the non-amput ee controlsdéd velocity of 78.

was 1.23m, significantly lower than the 1.41m of the control group (p<0.01) although
the cadence was not significantly different it was lower at 104.2 steps/min compared
to 111.4 steps/min. It was found that knee flexion and the end of ankle plantar

flexion were significantly later in gait (p<0.05 and p<0.01 respectively) when
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compared to the control group. Rao et al. (Rao et al., 1998) also found the delayed
foot flat seen by Perry et al. (Perry et al., 1997) and further go on to relate that this
forced the user to take actions against knee flexion resulting in an increase of
intensity and duration of quadriceps and hamstring activity.

Following a study of 6 amputees (3 traumatic, 3 vascular) Barth et al. (Barth et

al.,1992)f el t abl e to r ecommen d-adivityelevdl anplteed o ot

with no specific gait abnor mal i td ieckdedo r

step length, late stance dorsiflexion, change in dorsiflexion and weight acceptance
forces, which were compared, sound side to prosthetic side. No significant
differences were found in any of these factors for the Lightfoot. Energy cost was
also calculated in terms of ml of oxygen uptake per kg per metre travelled but the
difference between prosthetic feet tested (SACH, SAFE Il, Lightfoot, Quantum,
Carbon Copy Il and Flex foot) was not significant. There were no significant
differences in self-selected walking speed however, there was a significant
difference between energy cost of the traumatic and vascular amputees (p<0.05).
Torburn et al. (Torburn et al., 1995) conducted a study involving 16 subjects (9
traumatic, 7 vascular) and measured variables including velocity, stride length,
cadence, energy cost and energy cost per distance travelled. All results are divided
into traumatic and vascular groups and while no values were provided the patterns
may be observed on the charts provided. The velocity of users with the Seattle foot
was lower than normal, the stride length of traumatic amputees was longer but of
vascular amputees was shorter and the cadence of traumatic amputees was higher
than normal but for vascular amputees was lower than normal. The energy
consumption was greater than normal for both groups but was the higher for the
traumatic amputees at 17.08 ml O./kg-min. Vascular amputee energy consumption

was 13.10 ml O2/kg-min and normal was 13.0 ml Oz/kg-min. When energy cost was
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calculated for each metre travelled the cost is more similar between traumatic (0.215
ml Oz/kg-m) and vascular amputees (0.211 ml O./kg-m) however, it remained

greater than in the normal case (0.16 ml Oz/kg-m).

2.5.15 Comparison of feet
The prosthetic feet described in section 2.5 Prosthetic feet are summarised in
Table 3. Of the feet examined, eight of fifteen were SACH feet, with dynamic
response accounting for three, Jaipur feet for two and the Shape and Roll foot and
peg leg being the only examples of their type.
Costs were not well r e p o r-i$48.80 awthettime),ddh | y t h e
($25-37 (estimated approximately $230 with labour)), Jaipur ($30) and Niagara
($7.50) available. Of these the ICRC foot was produced in Switzerland, the HI foot in
Thailand, the Jaipur foot in India and the Niagara foot in the USA. The Niagara foot
cost is only for the keel and does not represent a complete foot as the others do.
The HI foot included a cost estimate with labour and overheads included, the only to
do so i approximately increasing the price by $200. The cost of the other feet does
not specify if labour and overheads are included but, particularly in the case of the
Niagara foot, this seems unlikely. These costs do not include the costs associated
with having a prosthetist fit the prosthetic.
A range of materials were used in forming the keel of the feet with
polypropylene being the most common (six), followed by wood and Delrin (three
each) whi-rfei nfodin dbe @ thermopl asticé (At l as)
endoskeleton Jaipur foot), microcellular rubber ( J ai pur) and o6various?®é

each observed only once.
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Type Cost Materials Surv_|val at Available sizes Mass Typlcal Roll over Adaptr?ltlon Other advantages . Other
X time failures characteristics | to patient disadvantages
Peg leg Peg leg Reportedly | Locally Not Made to Unknown, Unknown Not recorded Individually | Cheap, simple, car Unsuitable for use
cheap, but | available. Not | recorded, measure likely to but expected to | customised | be made from a on soft ground due
no figures | specified but | variation range have short range of available | to small contact
available wood, steel, likely too greatly radius and short materials area to disperse
bamboo and | great dependirg arc length weight
PVC piping on exact
have been build
used
ICRC SACH ~€45 Polypropylene| 95% at 6 14-21cm 567.6g(size | Worn sole, 178mm arc None Centralised Centralised
(CREquipe| keel with months, (child) 25) worn keel, length production in production means
ments SA, | polyurethane | 56% atl2 22-28cm (Sam et al., | worn cover | 420mm radius Switzerland so that final product
2013) outer and sole| months, (adult) 2004) (Jensen, (foot size not quality control is | must be transported
(Jensen & 31% at 18 | (International | 506g(size Nilsen, given) high. as required
Treichl, 2007) | months Committee of | 25) Thanh, et al.,| (Eaton et al., Part of a complete
(Jensen, the Red Cross,| 314g(size 2006) 2006) transtibial system
Nilsen, 2006a) 19)
Thanh, et (Internation
al., 2006) al
Committee
of the Red
Cross,
2006a)
Handicap SACH $25-37 for | Polypropylene| 80% at 12 | 17cm, 23cm 320g, 600g | Worn sole, Arc length and | None None None
International materials, | keel, foam months and 25cm and 800g worn keel, radius not
including rubber (Jensen, (Simon, 1996) | respectively | bolt provided but
labour forefoot and Nilsen, (Simon, attachment | a aA YA | ]
estimated | heel, tyre Zeffer, et 1996) failure {v71 ¥2:
to be rubber sole al., 2006) 854.69 (Jensen, (Sam et al.,
closer to and a rubber (26cm)(Sam | Nilsen, 2004)
$230 cover(Jensen etal, 2004) | Zeffer, etal.,
(Day, & Treichl, 2006)
1996) 2007)




€L

. Survival at . . Typical Roll over Adaptation Other
Type Cost Materials X time Available sizes Mass failures characeristics | to patient Other advantages disadvantages
Veterans SACH Unknown | Polypropylene| 100% at6 | Unknown Unknown Worn sole Unknown None None None
International keel, tyre months, (Jensen,
Solid rubber sole 97% at 12 Nilsen,
and exterior months, Zeffer, et al.,
rubber foam 97% at 18 2006)
heel, textile months,
reinforcement | 97% at 24
of heel, mid months
foot and (Jensen,
dorsum Nilsen,
(Jensen, Zeffer, et
Nilsen, Zeffer, | al., 2006)
et al., 2006)
Veterans SACH Unknown | Polypropylene| 100% at 6 | Unknown Unknown Worn sole, Unknown None None None
International keel, tyre months, worn keel
Cavity rubber sole 97% at 12 (Jensen,
and exterior months, Nilsen,
textile 89% at 18 Zeffer, et al.,
reinforcement | months 2006)
of heel, mid and 86% at
foot and 24 months
dorsum (Jensen,
(Jensen, Nilsen,
Nilsen, Zeffer, | Zeffer, et
etal., 2006) al., 2006)
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Type Cost Materials Surv_|val at Available sizes Mass Typlcal Roll over Adaptgtlon Other advantages . Other
X time failures characteristics | to patient disadvantages
Jaipr Jaipur $30 Sponge 82% at 18 | Unknown but | 822.0g Worn sole, 129mm arc None Produced locally | Variable quality

(Day, rubber toes, months, arange (23cm) worn keel, length by local depending on
1996) laminar 53% at 36 | (Mobility screw 151mm radius craftsmen, users | materials and

sponge months India, 2004; attachment | (foot size not can squat, climb | craftsmen used

rubber (Jensen et | Sethietal., failure given) trees and other

wrapped in al., 2M4b) | 1978) (Jensen & (Eaton et al., activities requiring

hard rubber 89% at 12 Raab, 2006) | 2006) flexible toes(Sethi

heel, months, etal., 1978)

wooden/ 73% at 16 Designed for

microcellular | months barefoot use(Arya

rubber (Jensen & et al., 1995) User

midfoot block, | Raab, requires little gait

laminated 2006) training

wooden ankle (Arya &

block, all Klenerman, 2008)

enclosed in

vulcanised

rubber with a
tyre rubber
sole(Mobility
India, 2004;
Sethi et al.,
1978)
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Type Cost Materials Surv_|val at Available sizes Mass Typlcal Roll over Adaptgtlon Other advantages . Other
X time failures characteristcs | to patient disadvantages
Bone Jaipur Unknown | Otherwise No known | Unlimitedq 8509, 900g | Unknown Not tested Joints If source foot is Difficulty in sourcing
endoskeleton healthy realworld | dependenton | and 920g articulated | A y G Sy RS R | fresh, healthy
Jaipur foot cadaveric foot | testing source foot (Kabra & at originalfoot, then | cadaveric feet of the
(preferably carried out Narayanan, dimensions | foot segment correct size as
from intended 1991a) of source lengths match the | required
user) foot. No dza SNDa 2|
wrapped in discussion | lengths
hard rubber of further
and enclosed modificatio
in vulcanised ns of
rubber with a dimensions
tyre rubber
sole(Kabra &
Narayanan,
1991a)
Niagara Dynamic | $7.50 5 dzLJ2 y (i » 100% at 12| Unknown Unknown Unknown 204mm arc None None None
response | (Tara Delrin®(T. months length, 300mm

Ziolo, Ziolo & radius (foot size

Zdero, & Bryant, 2001) not given)

Bryant, Hytrel® (Eaton et al.,

2001) (Haberman, 2006)
2008)keel,
unknown
cosmesis
material




9.

) Survival at Available Typical Roll over Adaptation Other
Type Cost Materials X time sizes Mass fa)illﬂres characteristics | to pgtient Other advantages disadvantages
Shape and | Shape Unknown | Polypropylene/ | Unknown 22-29cm Unknown Unknown 224mm arc Customised| Can be highly No energy return
roll (S&R) and roll polyethylene (Childress et length, 360mm | to the customised to the | function
keel(M. Meier al., 2005) radius (foot height, user
et al., 2006) details not weight and
unknown coer. given¢ the S&R | foot length
foot is designed | of user
to vary foot to (Childress
foot to suit the | etal., 2005)
user)

Atlas SACH Unknown | Polyester 60% at 18 | 23-26cm Varies Shank Unknown Shank cut | None G{ KNAS{AY
polyurethane months (Jensen & depending | fracture, to suit wser prosthesis during
foam cosmesis, | (Jensen & | Raab, 2002) | on user due| worn keel, stump normal walking
polystyrene Raab, 2002) to looseness of length (Jensen & Raab,
bead filler, integrated | IH beam (Jensen & 2002)
fibre-reinforced shaft (Jensen & Raab, 2002)
thermoplastic Raab, 2002)
keel and shank
(Shorter &

Evans, 2000)

EB1 SACH Unknown | Wooden keel, 100% at 6 | Unknown 809.8g Worn sole, Approximates None None None
rubber plate months, (25cm) worn keel the shape of
heel, cotton 100% at 12 (Sam et al., | (due to wood | the wooden
rubber sole, months, 2004) rot) (Jensen, | keel(Sam etal.,
rubber cover 97% at 18 Nilsen, Zeffer,| 2004)

(Jensen, Nilsen,| months, et al., 2006)
Zeffer, et al., 67% at 24
2006; Jensen & | months
Treichl, 2007) (Jensen,
Nilsen,
Zeffer, et
al., 2006)




L

Type Cost Materials Surv_ival at Ava_lilable Mass T)_/pical Roll over Adaptgtion Other advantages _ Other
X time sizes failures characteristics | to patient disadvantages
Strider SACH Unknown | Wooden keel, 94% at 6 Unknown Unknown Worn sole, Unknown None None None
textile belt months, worn keel
drive forefoot 73% at 12 (Jensen,
reinforcement, | months, Nilsen,
moulded 45% at 18 Thanh, et al.,
polyurethane months, 2006)
foam cover 39% at 24
(Jensen, Nilsen,| months
Thanh, et al., (Jensen,
2006) Nilsen,
Thanh, et
al., 2006)
HCMC SACH Unknown | Polypropylene/ | 56% at 6 Unknown Unknown Failed keel, Unknown None Passed static None
ebonite(Jensen | months, failed sole proof test of ISO
& Heim, 1999; | 44% at 12 (Jensen & 10328(Jensen &
Jensen & months, Heim, 1999) Treichl, 200y
Treichl, 2007) 33% at 18
keel, rubber months
foam farefoot, (Jensen &
rubber foam Heim,
heeland 1999)
exterior,
reinforced tyre
compound sole
(Jensen & Heim|
1999)
Seattle Dynamic | Unknown | Delrin® Unkrown 6-12 inches Unknown Worn cover Unknown Additional None Not recommended
response (polyoxymethy (men), on sole configurati for barefoot use due
lene) keel, 5-8 inches (Hittenberger ons for to cover failre
rubber bumper, (women) , 1986) weight/ (Hittenberger, 1986)
Kevla®toe (Hittenberger activity
reinforcement, , 1986) level
polyurethane (Hittenberg
foam cover er, 1986)
(Hittenberger,
1986)




8.

Type

Cost

Materials

Survival at
X time

Available
sizes

Mass

Typical
failures

Roll over
characteristics

Adaptation
to patient

Other advantages

Other
disadvantages

Seattle
Lightfoot

Dynamic
response

Unknown

Delrir®
(polyoxymethy
lene) keel,
rubber bumper,
Kevla®toe
reinforcement,
polyurethane
foam cover
(Huston,
Dilingham, &
Esquenazi,
1998)

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

None

None

Table 37 Comparison of the feet discussed in chapter 2




Fewer materials were used for cosmesis, only polyurethane (five) and rubber
(seven) were recorded with three feet not specifying cosmesis material but it seems
likely either polyurethane or rubber was used in these cases.

Some of the feet required extra support at the toe, this was achieved with either
Kevl ar (t wo) or Otextiled (three) reinforce
with a relatively short keel (VI Solid, VI Cavity, Strider, Seattle and Seattle Lightfoot)
with the reinforcement increasing the stiffness of the toe section without direct
support of the keel.

Rubber foam (VI Solid) and a rubber plate (EB-1) were specifically called out as
heel materials in two cases while the rest of the feet used a combination of keel and
cosmesis to provide heel support. The VI feet also made use of textile reinforcement
of the heel.

Sizes available were poorly reported with only the ICRC foot (children 14-21cm,
adult 22-28cm) and t he Seattl e f-A42inche¢/I-80cm)sands i z e s
womeno6s Binegheshl2.5¢n» to 20cm)) detailed in full range. The HI foot is
available in at least three sizes (17cm, 23cm and 25cm). The bone endoskeleton
Jaipur foot would be available in a range of sizes, depending on the cadaveric foot
provided for the prosthesis but this is not specifically mentioned, nor is any
potentially size-limiting process condition (e.g. available mould sizes). The Shape
and Roll foot is available in 22-29cm sizes, similar in range to the Atlas foot (23-
26cm). Single sizes were reported of the Jaipur foot (23cm) and the EB-1 foot
(25cm)

Like size, mass was a poorly reported quality of prosthetic feet. Three samples
of the bone endoskeleton Jaipur foot massed between 850-920g, the heaviest
reported. A 25cm EB-1 foot was recorded as 809g while a 25cm HI foot massed

800g and two 25cm ICRC feet massed 568g and 506g. A 23cm Jaipur foot massed
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8229 compared to a 600g 23cm HI foot. The smallest feet, a 19cm ICRC foot (314Q)
and a 17cm HI foot (3209), were the lightest reported.

Causes of failure reported were overwhelmingly related to sole and keel wear
(nine and eight reports respectively) and occurred in feet with either polyurethane or
rubber keels. One count of each of the following was reported: failure of bolt
attachment (HI), worn cover (ICRC, specifically separate to sole wear), screw
attachment failure (Jaipur), shank fracture (Atlas) and beam looseness (Atlas).

In terms of customisability to user; many of the feet seem to offer a range of
sizes to accommodate users (typically relating to weight or activity level) however
some of the feet are individually customisable to the user. The bone endoskeleton
Jai pur foot recommends using the userds own
preserve segment lengths of the foot so that articulation will match the opposite foot
wherever possible. The Atlas foot included an integrated shank which would be cut
to length as required by the user, but this was the limit of the customisation of the
prosthesis. The Shape and Roll foot is customised to the user based on their height,
weight and foot size with notches cut into a blank to create a rollover shape
appropriate to the user based on those criteria.

Based on the results gathered above it might be suggested that the typical
prosthetic foot found in developing countries:

M Is aSACH foot

1 Costs between $25 and $50 (excluding labour and overheads)
1 Has a polypropylene or wood keel

1 Has a rubber or polyurethane cover

1 Masses 320-810g, depending on size and type

1 Will most likely fail due to sole or keel wear

1 Will not be customisable to the user.
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2.6 Measures relating to prosthetic foot performance

A number of different measures have been used to determine the performance
of prosthetic feet; some rely on subject opinions, some on measured properties of
gait and others on performance of the foot under specific lab conditions (e.qg.
machine loading). The following attempts to catalogue as many of these as possible
but is not exhaustive. Most are described by Hafner etal. i n t heir p
storage and return prostheses: does patient perception correlate with biomechanical

an al y(slafneratal., 2002a)

2.6.1 Subject opinion

Some measures are related to subject perception and are usually found through
the use of questionnaires. They may include descriptive dialogue where the subject
may describe how the foot feels to them, which may reveal things such as a feeling
of instability in stance, which may not be apparent from test data alone (Haberman,
2008). In tests involving multiple prosthetic feet, subjects are often asked for their
preference among the choices (Hafner, Sanders, Czerniecki, & Fergason, 2002a;
Jensen & Heim, 2000; Torburn, Perry, Ayyappa, & Shanfield, 1990; Wirta, Mason,
Calvo, & Golbranson, 1991). The subject may feel that a particular prosthesis is
better than another despite there being no significant difference measurable by the
investigator as happened in Torburn et al., 1990, where each subject preferred the
prosthesis that gave them the highest velocity despite the differences in velocity not
being statistically significant. Other insights may be gained from subject opinion for
example the appearance of the cosmesis of the prosthesis (Hafner et al., 2002a),
which could be a major factor in acceptance.

The subject may also be asked on the function of the prosthesis for example "Is
walking uphill easier with the test prosthesis or your currently used prosthesis?" (T.

Ziolo & Bryant, 2001) The reply may be worse, same or better and when a group is
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questioned it may highlight weak and strong areas of performance however, this
does not provide evidence of the performance, only subjective opinions.
Alternatively, a numerical scale may be used which allows the data to be analysed
statistically and so can highlight the significant differences of the opinions of the

subjects (Bryant & Bryant, 2002).

2.6.2 Measured gait properties

A great range of properties of gait have been measured and analysed to
quantify the performance of prosthetic feet. Some are directly measurable while
others must be derived from other recorded data. Commonly used are the relatively
straightforward stride length, cadence and self-selected walking speed (Bryant &
Bryant, 2002; Perry & Shanfield, 1993; Postema, Hermens, de Vries, Koopman, &
Eisma, 1997; Rietman, Postema, & Geertzen, 2002), which indicate both the
comfort of the subject in using the prosthesis and the capability of the prosthesis in
walking. The symmetry of gait can be measured and indicates whether the
prosthetic side behaves in a similar manner to the natural foot and therefore well
(Au, Herr, Youcef-Toumi, & Anand, 2007; A. H. Hansen, Childress, & Knox, 2000;
van der Linde et al., 2004). The timing of different phases of gait may also be
recorded with the aim again being as close as possible to natural gait (Coleman,
Boone, Smi t h, & Czerniecki, 2001; OO6Keef e
Powers, Fontaine, & Perry, 1995).

Force plates are frequently used and can expose much more information about
the behaviour of the foot including the vertical ground reaction forces, the braking
and propulsive forces and the path of the centre of pressure (Arya & Klenerman,
2008; Coleman et al., 2001; Perry & Shanfield, 1993; Seelen, Anemaat, Janssen, &
JHM, 2003). The forces recorded can be measured on both the prosthetic and the

sound side to indicate if symmetric gait is achieved. The shock absorption of a
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prosthetic foot can be determined using the initial loading peak to calculate the rate
of loading (Arya, Lees, Nirula, & Klenerman, 1995; Murray, Hartvikson, & Anton,
1988). Accelerometry may also be used to determine the shock absorption of a foot
as energy loss can be determined in relation to the rate of deceleration of a
prosthesis from initial impact with the ground (Hafner et al., 2002a; Van Jaarsveld,
Grootenboer, & De Vries, 1990).

Muscle activation may be recorded which would be an indication of the effort
required in using the prosthesis, either in the prosthetic or sound sides, and may
include the duration of the activity and the timing for comparison to normal gait (Au
et al., 2007; Hafner et al., 2002a) Energy cost can be used and is typically
calculated using oxygen intake which requires specialised equipment to analyse the
composition of exhaled air as well as the rate of air intake (Buckley, Jones, & Birch,
2002; Houdijk, Pollmann, Groenewold, Wiggerts, & Polomski, 2009; Klodd, Hansen,
Fatone, & Edwards, 2010b; Schmalz, Blumentritt, & Jarasch, 2002). As the energy
cost of walking is higher in amputees than in normal gait the least increase is clearly

the most desirable.

2.6.3 Lab tests

Certain testing may be carried out to assess prostheses separately from
subjects. These include the rollover shape as described by Hansen in his PhD
thesis and several other papers (A. H. Hansen et al., 2000; A.H. Hansen, 2002; A.H.
Hansen & Childress, 2004, 2005; Andrew H Hansen, Childress, & Knox, 2004,
Andrew H Hansen, Childress, & Miff, 2004). Essentially the rollover shape is a
description of the centre of pressure when viewed relative to ankle joint centre. This
provides a rocker shape which through various tests Hansen et al. have shown is
consistent in non-amputees across changing conditions of heel height, weight

carried, surface inclination and declination, etc. The roll-over shape may be found
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through one of three methods, one of which does not involve any subject and two
that may be found using an amputee or non-amputee using prosthetic stilts. The
simplest method is the third, the dynamic roll-over method, where the subject walks
across a force plate while the ankle is defined by motion capture. This allows a
transformation of the COP data to the ankle frame of reference as the foot rolls over.
The quasi-static method involves a similar setup however, this time the foot is
placed heel first onto the force plate and the foot is then rolled across the plate
without being part of normal walking. Finally, the quasi-static PFLA (prosthetic foot
loading apparatus) method involves a specialised piece of equipment (the PFLA
itself) to load the foot to 800N at different angles with the deflection at each angle
being measured. The three methods Hansen et al. (A. H. Hansen et al., 2000) used
were found to give similar results however, the dynamic method and the quasi-static
PFLA method did differ towards toe off which Hansen et al. believed was an effect of
using the stilts and thus giving a longer leg length and meaning that the 60° angle
used in the PFLA method was not achieved in dynamic testing.

ISO 10328 and I1SO 22675 both relate to the testing of lower limb prostheses
(specifically ankle-foot devices and foot units in the case of ISO 22675) within a lab
environment. ISO 10328 grew out of the consensus reached in a series of meetings
held by the ISPO, culminating in Philadelphia in 1977. From 1979 onwards, the work
was continued by ISO Technical committee 168 leading to the creation of 1ISO
10328:1996, although it is noted that as the standard is based on the consensus of
the ISPO meetings that the test procedures may not be applicable to prosthetics of
different mechanical characteristics to those used in the consensus. ISO 10328
includes testing in static and cyclic loading conditions. The static tests were intended
to represent the worst loads generated in any activity whereas the cyclic tests

related to normal walking activities with regular loading each step (Comité Européen
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de Normalisation, 2006a). ISO 10328 included testing for fatigue however, it was
acknowledged that the testing was not sufficient to predict service life of the
prosthesis and that the standard did not include testing for function, wear and tear,
new material developments, environmental influences or user activities. 1ISO 22675
was first published in 2006 in a bid to better address weaknesses in 1ISO 10328
related to lines of application of forces, the unrealistic course and magnitude of
loading during cyclic testing and the periodic simultaneous loading of heel and
forefoot in cyclic testing. ISO 22675 did not supersede 1SO 10328 in application to
ankle-foot devices and both test methods remain valid for ankle-foot devices and
foot units (Comité Européen de Normalisation, 2006b). It should also be noted that
ISO 22675 does not include testing in the areas mentioned previously which were
not included in ISO 10328. Test samples were to be taken from normal production
with a minimum of two tests required and the potential for a single replacement in all
but the separate test in torsion, cyclic testing of separate ankle-foot devices and foot
units, and separate static ultimate strength test in maximum knee flexion on knee
joints and associated parts. Jensen & Treichl examined a large variety of prosthetic
feet used in low-income countries according to ISO 10328 static proof and cyclic test
conditions and concluded that such testing was useful prior to release of a prosthetic
lower limb (Jensen & Treichl, 2007). Jensen & Treichl also suggested that invasive
inspection following cyclic testing may help in identifying mechanisms of failure

although in doing so would prevent the piece from being tested to destruction.

2.7 Summary
This chapter described the aim of the project, namely to design a highly
functional prosthetic foot unit suited to the developing world but with a greater level

of functionality such as seen in Western prostheses. Following this was an overview
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of the structure, including internal structure such as trabeculae, of the human lower
limb related to supporting the body and facilitating locomotion. An overview of the
prosthetic feet currently used in low-income countries followed which included the
Blatchford Atlas, EB, HI Cambodia, Ho Chi Minh City, ICRC, Jaipur, Kingsley
Strider, Niagara, Seattle, Shape and Roll, VI foot as well as peg legs. The various
leg systems had different strengths and weaknesses however, the most prevalent
weakness of design was the lack of durability, particularly of the cover and keel. The
limited number of materials used across all feet examined was particularly
pronounced in the cover where only polyurethane and rubber were recorded in use.
There was also a general lack of function observed with the majority of feet taking
the form of SACH feet which can provide a good walking base but do not offer any
energy return as the dynamic feet do, or other function like the ability to squat as the
Jaipur foot does. The feet that attempted energy return performance tended to have
the least durability. The Jaipur foot was notable for its great durability and its
apparent function although it provided little in the way of energy return to users and
was among the heaviest of the feet examined, while the Seattle foot was praised for
the energy return provided but lacked durability. These findings were useful in
defining the available solutions as well as their strengths and weaknesses in order
to inform the design process for the Strathclyde foot.

A summary of methods used to evaluate prosthetic foot performance was
included which contained subject opinion, measured gait properties and lab tests.
Each of these different areas potentially offers insight into the function of the foot
that may be of value to the designer in evaluating design performance to provide the

balance of function and durability sought.

86



CHAPTERDE3s i gn

consi deroant ipomsposed

and existing desi

This chapter begins with the formation of a Product Design Specification, based
on the information presented in chapter 2, before static loading tests were carried
out to the P3, P4 and P5 requirements of ISO 10328 on both the toe and heel of the
Strathclyde foot, including samples with and without fibreglass rods included for

energy return.

3.1 Introduction

A product design specification was drawn up to define the requirements of the
project using the guidelines provided in Total Design (Pugh, 1990). Not all of the
suggested criteria were used but rather the most relevant were chosen with the
goals for each defined based upon the feet described in the literature review of
chapter 2. The existing design was then tested to the static loading conditions of

ISO 10328 to assess its performance under those conditions.

3.2 Product Design Specification
Total Design is a method developed by Stuart Pugh at the University of
Strathclyde in the 1980s. It is a process through which as many aspects as possible

in the ultimate success of a design may be considered early on to maximise the

product 6s ghdcsesls9O90Pubook AiTot al Desi gn:
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successful product engineeringo durhg thib,

process. Not all of the suggested headings were used but only those that the author
felt the most relevant to this particular project e.g. political considerations were not
used. The information gathered regarding the existing prosthetic feet used in
developing countries was used to define the requirements of this Product Design

Specification.

3.2.1 Performance

The prosthesis will be required to meet ISO 10328 standards to the P5 level.
This standard includes the requirement to meet static test conditions, representing
extreme single loading of the prosthesis, and cyclic testing conditions that
represents the ongoing use of the prosthesis, but is not enough to predict the
lifespan due to limited loading conditions not reflective of real world conditions. The
static conditions of ISO 10328 relate to worse case loading of the prosthesis during
normal gait. This was not a condition met by the majority of the prosthetic feet
examined by Jensen & Treichl, 2007, with them only considering the HCMC foot to
have passed the standard. The prosthesis should allow for an even and comfortable
gait to be assessed via force plate trials and, if possible, user feedback.

The return of energy stored in deformation of the prosthesis should be
comparable to the natural human function and so should provide a large portion of
14J return at approximately 65% of gait cycle (Das, Burman, & Mohapatra, 2009) as
the human foot (the human foot also inputs energy which will account for a larger
difference between the two). Only the dynamic return feet (Niagara, Seattle and
Seattle Lightfoot) provide any energy return to the user which was generally well
received by users although the extent of energy return has not been reported hence

the use of anatomical foot energy return has been used as the target energy return.
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The human foot has up to 10° dorsiflexion in walking up to 8km/h and a range
of 19.2° inversion and 15.6° eversion (Das et al., 2009). The values of dorsiflexion
should be considered with regards to the requirement to allow normal gait however,
the inversion and eversion values might need to be sacrificed for overall stability.
Dorsiflexion of 36.75° was recorded in the bone endoskeleton Jaipur foot under
70kg load which is much greater than that of the natural foot however it is this
dorsiflexion that allows the user of Jaipur feet to squat. The Seattle Lightfoot
recorded a peak dorsiflexion of 16.1° during terminal stance phase which is greater
than the anatomical foot but much less than that of the bone endoskeleton Jaipur
foot. None of the feet examined had reported values of inversion or eversion.

The human heel can provide shock absorption of up to 50% of load applied
(based on isolated cadaveric heel pads (P Aerts, Ker, De Clercq, lisley, &

Alexander, 1995)) and so shock absorption of a similar level should be shown in the

prostheticfootusi ng a modi fi ed v e rethodamaccount foAthe t

use of a prosthetic foot. This is clearly limited in that it is carried out in a laboratory
environment and would not account for different surfaces met in daily life. Arya,
Lees, Nirula, & Klenerman, 1995, used a force plate to compare the SACH, Seattle
and Jaipur feet and reported their findings in N/kg body mass with a lower heel
strike peak force representing better shock absorption (of the feet tested the SACH
foot was determined to have the best shock absorption). This method could provide
a way of showing the shock absorption under normal walking conditions.

The prosthesis should be customisable to the user through changing of the
energy return feature and shock absorption feature of the heel. This would provide
better performance for the individual as the prosthesis could be modified to suit their
mass and activity level. This type of customisability is not found in the prosthetic feet

examined. The Shape and Roll foot does offer customisation based on user height,
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weight and foot size, which allow for a roll-over shape more closely matching the

userod6s intact foot, however it of fers

3.2.2 Environment

The prosthesis should be able to deal with a wide range of temperatures and
humidity levels. The Least Developed Countries, as defined by the UN, span a wide
range of climates and environments including for example, Haiti, Nepal, Yemen,
Cambodia and Chad (UN-OHRLLS, 2014). The extreme temperatures of human
habitation (100 days plus continuous exposure) were identified by the Rand
corporation for NASA in 1958 as 30°F i 120°F (-1°C 1 49°C) with the upper limit
depending on relative humidity (Buchheim et al., 1958). Humidity was evaluated as
relative humidity rather than absolute humidity and a complete range (from 0-100%)
across temperatures should be used in assessing materials. Allowance should be
made for contact with solvents to include petrol, water and weak acids and bases.
Measures should be taken to prevent ingress of dust or particulate matter to prevent

wear within the prosthesis.

3.2.3 Life in service

The prosthesis would ideally meet a standard of surviving for three years of
daily use. Testing would be through clinical field trial, most likely in a method similar
to that carried out by Jensen et al. (Jensen, Nilsen, Zeffer, et al., 2006). While 1SO
10328 specifically states that the 3 million loading cycles in the cyclic test is not
sufficient to predict actual service life it should be used as a base standard prior to
clinical field trial. Limited information was available for the life of prosthetic feet
examined in Chapter 2 with only the Jaipur foot having any results recorded at 36
months of use (53% survival). At 24 months survival rates were recorded for the VI
solid foot (97%), the VI cavity foot (86%), the EB-1 foot (67%) and the Kingsley

Strider (39%). These results show that high survival rates at times of two to three
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years are possible but are likely to be challenging, the HCMC foot showed only 56%
survival at 6 months (despite passing 2 million loading cycles of 1ISO 10328 testing

(Jensen & Treichl, 2007).

3.2.4 Maintenance

No maintenance of the internal structure should be required for the prosthesis.
If maintenance were required, it would be by a prosthetist and as access is often
limited in developing countries to qualified prosthetists this would increase the
burden on those prosthetists and likely mean that the prosthetic foot would go
without maintenance in many cases. It is therefore considered that if the prosthesis
may be developed in a maintenance free fashion it will be of most use to user and
reduced burden to the local prosthetists. Repair to the cosmesis should be possible
by the user if so required to maintain the protection of the internal components and
prolong prosthesis life. None of the prosthetic feet examined in Chapter 2 has
maintenance per se reported however on visits to prosthetists replacement of the
cosmesis occurred or replacement of the entire prosthesis. For the Niagara foot
Beshai & Bryant, 2003, suggest that the user could take responsibility for cosmesis

replacement.

3.2.5 Target product cost

The production cost should be as low as possible without compromising quality.
The total cost should include the purchase of materials, the cost of labour and the
cost of machine time/amortisement if possible and should be based on production of
not more than five thousand units per year. It is undecided as to the nature of the
project is to result in a charitable or business endeavour so the cost and method of
delivery to the user is undetermined until such a decision is made. It is expected that
at minimum the keel will be produced centrally and either distributed with energy

absorption and energy return components to be applied dependant on the intended
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user by the fitting prosthetist or else plans and requirements for such components to
be provided for the prosthetist to source locally. The cost would be determined
based on the chosen distribution method. The range of approximately $25-50 seen
in existing prosthetic feet does not account for equipment and overheads so the true
cost of manufacturing a prosthesis will likely be significantly higher than this. If the
prosthesis is to be provided as part of a charitable organisation, then it may be

provided at cost as the ICRC and HI foot are.

3.2.6 Quantity
The design of the prosthesis should allow for production of thousands of units

per year in an economical and effective manner.

3.2.7 Size

As a prosthetic foot unit, the prosthesis must remain within or at least very close
to the anatomical bounds of the human foot. A variety of sizes should be available to
allow for people of different sizes. The foot should allow shoes to be worn over it

(unlike the Niagara foot, which was designed for barefoot use).

3.2.8 Mass

An entire trans-tibial system should mass less than 1kg, so the foot unit alone
would be required to mass much less than this although it should be noted that
outside of smaller people and those with vascular dysfunction increased mass is not
necessarily a penalty. The heaviest prosthesis found in the literature review was a
bone endoskeleton Jaipur foot of unknown size, massing 920g. This would be

considered heavy with a 25cm ICRC foot massing only 567.6g.
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3.2.9 Aesthetics, appearance and finish
A somewhat lifelike appearance is required; however, the function is to be
considered more important than the aesthetics. A range of skin tones befitting the

individuals to use the prosthesis should be included.

3.2.10 Materials

The materials to be used must meet the required physical, chemical and
environmental resistance requirements. The materials should be recyclable or
minimum waste and must not be toxic. Costs will limit material availability.
Depending on production model to be used a need for locally sourced materials with
good recyclability and suitable production techniques may be required however, the
performance of the components is the driving factor, not the material choice. A
range of materials are currently in use in existing prostheses and may be considered

as a jumping off point, but not a limiting group.

3.2.11 Standards and specifications
The prosthesis must meet both the static and cyclic requirements as defined in

the 1ISO 10328 standard.

3.2.12 Ergonomics

A range of sizes should be available to suit different sized users. Assuming an
otherwise healthy user, the user should be able to doff and don the prosthesis by
themselves. The prosthesis must be comfortable when worn and used. There
should be some ability to adjust the prosthetic foot to the individual user. The Shape
and Roll foot offers the only example of a prosthetic foot that can be modified to

better suit the individual user by accounting for user height, weight and foot size.
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3.2.13 Quiality and reliability

The prosthesis should have a 95% survival rate at three years. There is no
current method for determining the survival rate in everyday use outside of a clinical
field trial and so this cannot be accounted for until such a trial is carried out. This is a
very aggressive goal as the Jaipur foot (the only one followed up at 36 months use
in the literature) had only a 53% survival rate. The VI solid and VI cavity feet were
able to achieve 97% and 86% survival rates at 24 months respectively and so
should be examined for factors contributing to their success. Aside from in extremis
the prosthesis should continue to function when broken during normal use albeit at a
much-reduced level. This should allow the user to seek replacement in reasonable
time. The prosthesis will be assessed on aesthetic appearance on production before
being passed for distribution with a mechanical test regimen to be determined based

on production scales.

3.2.14 Safety
The safety standards required by the ISO 10328 standard and tested for

according to the methods prescribed should provide suitable safety levels.

3.2.15 Legal

With the requirements of 1ISO 10328 met and documentation, in the form of a
manual provided in the local language to highlight the limits of the prosthesis, the
legal liabilities should be minimised by highlighting all improper use. The prosthesis
itself should have built in safety margins (as required by ISO 10328) to negate all
but the grossest misuse of the prosthesis. A guarantee may be included to offer free

replacement of failure depending on the business model used.
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3.2.16 Installation
A trained prosthetist would be required to fit the prosthesis and to carry out any
alignment and adjustment of the fit of the prosthesis. This is standard across all

prosthetic feet examined in Chapter 2.

3.2.17 Documentation

Fitting documentation should be provided to the prosthetists fitting the

prostheses along with any maintenance docul
included in the local language to highlight the limits of the prosthesis and the proper
use as well as information relating to damage and replacement. The terms of any
guarantee should be provided in the local language.
3.3 Strathclyde foot testing
Previous work carried out within Strathclyde University led to the development
of the AStrathclyde foot 0, a pol kopowingpy |l ene

appraisal of the PDS (section 3.2 Product Design Specification) and evaluation of
the prior work (L. E. Morton, Spence, Buis, & Simpson, 2009) it was deemed that
the Strathclyde foot had the potential to meet the performance and financial
requirements of the project. Further development of the design to address the
existing shortcomings, particularly in the keel, was decided to be appropriate.

Based on the requirements of the PDS the current design of the Strathclyde
foot was evaluated to form a baseline. A great number of samples had been
produced previously (RPWorld, Beijing, China) which could be tested. These
samples were initially injection moulded in polypropylene (no further information was
available on the specific material properties for this particular variety of
polypropylene) in 2007 and were stored in an internal loft space within the

Bioengineering department at the University of Strathclyde. As such they were
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exposed to typical range of room temperatures and humidities for approximately 3
years. The static standards of ISO 10328 were to be used in evaluating the current
design. Cyclic testing would take a number of weeks running continually and it was
decided that at this stage it was unnecessary.

The feet would be tested at P3 level, then depending on performance to higher

levels.

3.3.11SO 10328 testing

3.3.1.1 Specimens
The samples were already available having been previously manufactured by
RPWorld (Beijing, China) however they required some modification to take them to a
testing condition. These modifications were carried out in the fashion indicated by
(L. E. Morton et al., 2009). Pultruded glass fibre rods were among a number of rod
types sampled in the aforementioned thesis and showed good performance for their
cost and so were used in this test. Four samples were chosen from those available
and were individually marked with the numbers 1-4. The following modifications
were carried out:
1 A hole was drilled to accommodate a steel threaded bush in the top of the
feet for attaching a pyramid adapter
1 Holes were drilled through the middle of keels 3 and 4 to allow for insertion
of rods
1 Glass fibre rods (Free Flight Supplies Norwich, UK) were cut to length then
inserted, and remained otherwise unfixed
A rubber ball (l'téds my party, Hi xon,
These balls were of the same outward appearance and had no obvious defects.

These were balls of a mass-produced variety with no material properties available.
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A custom designed adapter was manufactur e
Figure 30) to allow the feet to be mounted within the Instron universal testing
machine within the Bioengineering department at the prescribed 15° (heel) and 20°

(toe).

Instron jaws
Steel block
Aluminium block
adapter
Brass rod
Pyramid adapter Strathclyde foot

20mm steel plate

Figure 307 The custom adapter design demonstrating toe loading setup.

The custom adapter allowed for the loads to be applied at the required angles
while approximately maintaining the linear loading of the Instron machine as the
load cell in the machine has a very limited capacity for moments. The various parts
of the adapter were made from brass, steel and aluminium in order to transfer the
load without deformation of the adapter itself.

A 20mm thick steel plate was placed on the base of the Instron universal
loading machine to give an even and nearly unbroken surface for the foot samples

to contact.

3.3.1.2 Method
The adapter was set up for the required loading condition (heel or toe), which
would give the loading angle required (20° for toe loading, 15° for heel loading). The

adapter was then mounted into the Instron machine with the grip being closed on
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the topmost part. That the alignment was correct was determined using a
goniometer. A pyramid was attached to the foot and a pyramid adapter mounted on
the bottom of the brass rod to allow for connection. The crosshead of the Instron
was then lowered until the foot barely contacted the baseplate at which point the
crosshead would be locked. The load was increased at a rate of 175N/s (between
the 150N/s T 250N/s rate required in ISO 10328) until the ultimate static test force
upper limit was met (see Table 4). The ultimate static test load was maintained for
30s to allow for creep measurement, per ISO 10328 static loading protocol, at which
point the load was reduced at a rate of 175N/s until ON load was recorded. The test
was to be stopped prior to completion if the sample was observed to fail or the setup

became unsafe in any way.

Test loading level (Px) and test loading
condition (Fu; Fz)
Test procedure and : PS P4 P3
Unlt - o - - — - - ) -
test load o o o o o o o o o
DE x| QL 4/ TE 5 SE 5| DE 5 L &
PEU| SRU ERL 2B 284 2RY
o L o o L ° o Lo
Proof F
test Fls”’ N | 2240 | 2240 | 2065 | 2065 | 1610 | 1610
force 2o
e Flsu
>
o lower
Q
8 'F' N 3360 | 3360 | 3098 | 3098 | 2415 | 2415
2 | ultimate | ..
(7] .
8 Stath level
g teSt Flsu
% force | upper
'I"‘:VE" N 4480 | 4480 | 4130 | 4130 | 3220 | 3220
2su
upper
level

Table 47 Test load levels for static P3, P4 and P5 tests (taken from ISO 10328,
table 11)
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3.3.2 P3testing i toe

3.3.2.1 Specimens

Samples 1 and 2 were tested initially. A further two samples were then tested,
samples 3 and 4, which included pultruded glass fibre rods (Free Flight Supplies
Norwich, UK) inserted into the toes, see Figure 31. All keel samples were randomly
selected from a batch of injection moulded polypropylene pieces (no further specific

material information provided). Each sample had a rubberball (I t 6 s my party,

UK) inserted into the heel cavity.

Figure 317 Image showing the rod setup included in samples 3 and 4 of the
Strathclyde foot

3.3.2.2 Method
The adapter was set so that the toe would contact the baseplate at 20° with the

load increasing at 175N/s until the upper load of 3220N was reached. This load was
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to be held for 30 seconds before being reduced at a rate of 175N/s until zero loading

was achieved.

3.3.2.3 Results

The ultimate static test force for the P3 level was applied in each case. Samples
1 and 2 were observed to slip on the steel baseplate however, the foot settled and
loading continued. The lower section of the foot was observed to deflect into the
upper toe sections as loading progressed. The deflection continued until the ball at
the rear of the foot and subsequently the rear of the keel itself contacted the
baseplate (see Figure 32). As a result, there were two changes of gradient visible in

Figure 33 and Figure 34 during loading which correspond to the two stages of

contact.

Figure 327 Sample 1 of the Strathclyde foot at maximum P3 toe load demonstrating
contact at front and rear
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The first change of gradient was subtle however in unloading these two stages
were much clearer. The slipping may be observed in Figure 33 or Figure 34 at 5-
13mm compression on loading and at approximately 20 mm compression on
unloading. The slipping was due to friction at the contact between the toe and the
baseplate being overcome and could have been prevented with a low friction
surface. Following the slip there will have been a change in magnitude and
realignment of the stresses within the keel due to the relative change in alignment of
force application. As the slip was able to occur at relatively low loading it was
determined that the overall effect would be relatively minor and that the results were
still valid.

Load vs compression, P3 toe loading Strathclyde
foot

0 5 10 15 20 25 30
Compression (mm)

Sample 1 Sample 2

Figure 331 A graph showing load vs. compression of samples 1 and 2 of the

Strathclyde foot under P3 toe loading conditions

The energy input and return were determined using the following areas as

defined: that loading concluded at the end of the hold phase with unloading began at
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the first step following that and concluded when the load reached zero (see Figure
33). By applying the mid-ordinate rule to the values as defined some approximate
values for energy input and return could be gained. This was done by taking the
difference of two consecutive x values then multiplying by the mean of the
corresponding y values to give the area of a rectangle approximating the area under
the line. For example, taking two consecutive points during loading in sample 1,
(1.154, 68.890) and (1.189,71.856) would give a difference of 0.035s for time and a
mean of 70.373N for the force giving approximately 0.00246J of energy input. In this
case for sample 1 there was a total input of 27.35J and a total return of 9.06J giving
a loss of 18.29J. For sample 2 a total input of 26.79J was calculated and a total
return of 8.96J giving a loss of 17.82J.

The samples were not checked for lasting deformation after being unloaded
however at the completion of unloading there remained 12.2mm and 11.8mm of
compression in samples 1 and 2 respectively.

Samples 3 and 4 included glass fibre rods to act as energy storage and return.
The rod design was inherited from (L. E. Morton et al., 2009) but no reason was
given for why a rod was used rather than another shape although it was mentioned
that different rods could be used depending on the user so customisability appears
to have been a factor. As two rods were to be used that would act independently this
may also have been a consideration in choosing a rod based design. They were
tested in an identical fashion to samples 1 and 2. Both samples were observed to
deflect with the lower toe section coming into contact with the rods. The lower
section and the rods then deflected together until contact was made with the upper
section after which the sample broke. Failure occurred at approximately 2900N for
sample 3 and 2800N for sample 4. The rods fractured and in the case of sample 1

the upper toe section also broke off. The test was automatically stopped at this
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point. Figure 34 and Figure 35 below show the data captured up to fracture. Figure
36 shows sample 4 post-testing with the remains of the fractured rods in place within

the keel while Figure 37 shows the broken toe section and rods in sample 3.

Time vs compression, P3 toe loading
Strathclyde foot all samples
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(6] o ol

Compression (mm)
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o
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Sample 1 Sample 2 Sample 3 Sample 4

Figure 347 A graph showing time vs. compression of all samples of the Strathclyde

foot under P3 toe loading conditions

Figure 34 shows all samples of the Strathclyde foot having undergone P3 static
load testing per 1ISO 10328. Samples 1 and 2 successfully completed testing but
samples 3 and 4 failed at approximately 16.1s in each case. The change in gradient
seen in samples 1 and 2 corresponded with the contact of the lower toe section to
the upper toe section while in samples 3 and 4 the earlier change in gradient
corresponded to the contact of the lower toe section to the glass fibre rods. In both
cases the stiffness was increased however, once samples 3 and 4 reached
approximately 16.1s both rods fractured, as did one section of the upper toe in

sample 4 while samples 1 and 2 were able to continue the test to completion.
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Load vs compression, P3 toe loading
Strathclyde foot (rod)
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Figure 3571 A graph showing load vs. compression of samples 3 and 4 of the
Strathclyde foot under P3 toe loading conditions prior to fracture

Figure 35 shows the loading of samples 3 and 4 until the rods fractured and the
test was concluded. For the first millimetre of compression the samples showed a
similar response however, sample 4 then became stiffer, sooner than sample 3 (at
approximately 7mm). This change in stiffness corresponded to contact being made
between the deformed lower toe sections and the glass fibre rods. The difference in
deformation before contact was likely due to the production method as holes were
manually drilled into the keel to accommodate the rods which introduced variation in
manufacture. Within a single keel this can lead to rods contacting at different times
which may explain why the change in stiffness observed in sample 3 (rods

contacting separately) is less rapid than that of sample 4 (rods contacting together).
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Figure 36 i An image of sample 4 following testing showing the fractured glass fibre

rods

The rods in both samples broke in similar positions (see Figure 36 and Figure
37), being closer to the insertion contact point than the toe section contact. The
failure itself showed more fibres extending from the underside of the rod which
suggests a failure in tension on this part. Once a crack was formed it would rapidly

propagate across the rod leading to failure.
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Figure 37 7 An image of sample 3 showing the broken toe section and rods

following P3 testing

The upper toe section of sample 3 failed approximately halfway along the toe
section with part of the fracture extending posteriorly to the lateral side of the toe.
The toe section fractured distally to the rod fracture site. As it was the only toe
section of four to have failed during this testing it is possible that a weakness existed
within the section from manufacture. Small air bubbles had been observed in some

of the samples although nothing was specifically noted at this location.

3.3.2.4 Discussion

The hysteresis between loading and unloading in Figure 33 represented energy
dissipated. This energy loss was due to internal friction and friction between
sections (lower and upper toe on contact) which caused energy to be dissipated as
heat, and deformation and creep occurring in the keel. In maintaining the maximum
load for 30 seconds, per ISO 10328, there is creep in the keel which would have

reduced the spring back of the material giving a reduced energy return. The 30
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second hold would not be expected in normal gait, but could occur in daily use.
Repeated longer holds on the toe section are possible in daily use and could
potentially lead to creep occurring although the loads expected in normal daily use
would be relatively low compared to the yield strength of the polypropylene which
Vas & Bakonyi, 2012, show to have a smaller effect on material failure compared to
higher loads. Testing at the P3 level, as occurred here, is intended to determine
suitability of a prosthesis for use by a normal user (rather than highly active or
sedentary) 60kg individual so to reach a maintained load of 3220N they would have
to maintain an additional load of more than 2600N for an extended time. This
occurrence would be considered unlikely and outside of normal use so cautioned
against in user literature. Eftekhari & Fatemi, 2016, have shown that fatigue life of
polypropylene samples was improved under loading between 0.1 i 2 Hz so with
human walking gait occurring at just under 2Hz (David A Winter, 1984; David A
Winter, Patla, Frank, & Walt, 1990) then it may have a positive effect on fatigue life
of the keel.

The deformation within the keel is evidenced by the discolouration which
occurred as shown in Figure 38. This discolouration is caused by the formation of
micro voids or micro crazes within the material affecting the optical properties of the
materials. The presence of such micro features, which can reach the surface and
cause brittle failure, would lead to an expectation of reduced durability and
potentially a reduced performance in further testing compared to an untested
specimen. The micro crazes and voids will act as stress concentrators within the
keel and could lead to greater deformation at lower loads than those observed
during this test. The load at which the discolouration occurred is unknown,
particularly due to the area not being readily visible during testing but may be worth

attempting to identify in further testing.
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Figure 387 An image showing the discolouration present on the underside of the

toe sections (within red circles) in sample 1 following P3 testing

The approximate energy return for samples 1 and 2 was 34%. The maximum
load was held for 30 seconds during which time the compression of the sample
increased. This led to a greater difference between the compression observed
during loading and unloading. Were the unloading to have happened sooner after
the loading was completed, as in walking, a smaller energy loss may be expected to
be observed. Due to the nature of this test the time the load is maintained cannot be
reduced but it is significant, and recommended, for future testing as to the efficiency
of energy return of the foot.

Samples 1 and 2 both survived with no damage observed excluding the
discolouration seen on the underside of the lower toe section as in Figure 38. Given
time the feet were deemed to have returned to their original shape although this was

not measured.
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Samples 3 and 4 included glass fibre rods which were to improve the energy
storage and return properties of the foot however the glass fibre rods snapped and
in the case of sample 3 also broke off the top section of the toes. The glass fibre
rods were held in place through a series of holes drilled into the keel. If the rod were
to have been fixed over a shorter length (while maintaining its total length) the
effective flexible length would have been greater and would have led to a reduced
stress within the rod over the same displacement and reduced the likelihood of
failure at this point. The requirement to drill holes in the keel was also an
undesirable additional manufacturing step. This was considered a flaw in the design
and was addressed in later design work.

The P3 level of ISO 10328 required a minimum load of 2415N be reached to be
considered a pass which samples 3 and 4 met, failing at 2804N and 2822N
respectively. This was approximately 87% of the P3 ultimate static upper load level.
To satisfy the P4 static proof load level the feet would be required to reach a
minimum of 3098N (they reached approximately 91% of this value) and for the P5
static proof load level, 3360N (they reached approximately (84% of this value). The
catastrophic nature of the failure is inappropriate for a prosthetic limb as during
normal use such a failure could lead to injury to the wearer whereas in a plastic
failure there is a better opportunity for the user to respond to prevent further damage
to the prosthesis and injury to themselves.

The specimens tested outperformed the expectations of the FEA modelling
(detailed in Appendix B T Finite Element Analysis of foot designs). FEA predicted
failure at several different areas prior to the proof load of 805N being met however
samples 1 and 2 survived to 3220N. In either case stress whitening occurred at an

area identified during FEA as areas 3 and 5 (see section B2.3 Results). This would
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suggest that the properties used in the FEA were not adequate to represent the

polypropylene used.

3.3.2.5 Conclusion

The Strathclyde foot passed the P3 ultimate static loading requirements for the
toe condition. In static loading, there was no requirement that the heel not contact a
support as there is in cyclic testing. Testing continued to the P3 level for the heel.
Further design was required to ensure proper integration of energy storage and

return features to the foot system.

3.3.3 P3testing i heel

3.3.3.1 Specimens

The feet used in the P3 toe testing were examined for signs of damage or
permanent deformation and were observed to have suffered some deformation as
evidenced by whitening of the material on the underside of the toe sections. The
toes were not expected to contact the baseplate during this test and so further
deformation of the toes was not expected. As such it was decided that P3 heel

testing could be pursued using the same samples used in P3 toe testing.

3.3.3.2 Method

The adapter was set so that the heel would contact the baseplate at 15° with
the load increasing at 175N/s until the upper load of 2240N was reached. This load
was to be held for 30 seconds before being reduced at a rate of 175N/s until zero

loading was achieved.

3.3.3.3 Results
The samples were loaded at the prescribed 175N/s with no signs of breakage

or slippage. In both cases the ball was observed to deform under loading until the
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keel came in contact with the steel base plate as seen in Figure 39. The contact
occurred at around 11.8mm compression in either sample and may be observed in
Figure 40 or Figure 41 by the sharp change in gradient as the system becomes
stiffer and a significant reduction in deformation is seen afterwards. The static load
was maintained for 30 seconds during which 0.2mm of creep occurred in sample 1
and 0.24mm of creep occurred in sample 2 as shown in Figure 40. During
unloading the removal of contact from the keels was seen by the change in gradient

at 12mm compression, although this was less clear in sample 2.

Figure 397 An image showing sample 2 under maximum P3 heel loading showing
contact of keel and baseplate
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Load vs compression, P3 heel loading Strathclyde
foot

0 2 4 6 8 10 12 14 16
Compression (mm)

Sample 1 Sample 2

Figure 407 Load vs. compression results of Strathclyde foot under P3 heel testing
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Figure 417 Time vs. compression graph of Strathclyde foot under P3 heel testing

112



Hysteresis was observed in Figure 40 in both samples due to some heat
dissipation and creep occurring during testing. This creep was not observed for
recovery post testing and the extent of recovery was unknown but is recommended
for investigation in further testing. By using the mid-ordinate rule, as previously
described, approximate values for the energy put into and returned from the system
can be calculated. The lower limit for the loading phase was taken from the final
compression of the unloading phase; the upper limit was the last value prior to
unloading. The unloading phase was taken from the first value after the end of
loading and continued until the load had reduced to zero. Sample 1 had an energy
input of 12.31J and an output of 6.66J giving a loss of 5.65J while sample 2 had an

input of 13.71J and an output of 8.43J giving a loss of 5.28J.

3.3.3.4 Discussion

The two feet both survived with no further damage or obvious permanent
deformation, although the final deflection during testing, approximately 3mm in
either case, was not re-examined post testing and may have persisted. During
testing the balls both deformed to the point where the keel was directly in contact
with the baseplate however this contact occurred at different loads despite the balls
being visually identical (approximately 1890N for sample 1 and 1790N for sample 2).
This is potentially due to differences internally produced during manufacture. The
consistency of the balls should have been checked, but was not. The nature of balls
used in testing is considered to be an important point of investigation in further work.
For manufacture a more consistent ball for use in the prosthesis would be required,
possibly a polyurethane elastomer and this should be checked as a part of internal
quality control however, the existing stock of balls was used for all further testing.

The energy dissipation was beneficial in the heel section of the foot as the

intention of the rubber ball in the heel was to provide shock absorption through
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energy dissipation and to provide a softer feel during rollover. The loading conditions
were not representative of walking and cannot be used to characterise the
behaviour of the foot under real world conditions however, shock loading tests would
be recommended to characterise this performance. There is no consideration for
shock loading in ISO 10328, but it is noted that other tests should be carried out to
assess the suitability of a prosthesis for use. The fairly high level of energy return
after the 30 second hold (54% for sample 1, 62% for sample 2) is positive as the
combination of the ball, which would have a high energy return ratio, and the keel
still gives a high return under these conditions. The difference in energy input to the
feet was likely to represent the stiffness of the system with greater energy being

required in the stiffer system, in this case sample 1.

3.3.3.5 Conclusion

The Strathclyde foot samples tested passed the P3 ultimate static loading
requirements for the heel condition. As the P3 ultimate static loading level was met
for both the heel and the toe of the foot, in samples without reinforcing rods, further
testing was to occur to the P4 level. No further testing was to be carried out on

samples with reinforcing rods present.

3.3.4 P4 testing i toe

3.3.4.1 Specimens

The feet previously used in the P3 testing were examined for signs of damage
or permanent deformation and were observed to have suffered some stress
whitening on the underside of the toe sections, indicating that permanent
deformation had occurred. 1SO 10328 allows for test samples to be reused if they
have passed the prior testing (except for use in cyclic testing if they have previously

been subjected to static ultimate strength tests). These samples were deemed to
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have passed both toe testing and heel testing at the P3 level and as such it was
decided that P4 toe testing could be pursued using the same samples. As samples
3 and 4, which had included glass fibre rods, failed they were not included in any

further testing.

3.3.4.2 Method
The method was as described for P3 toe testing (3.3.2.2 Method) however the

upper load was increased to 4130N in line with P4 requirements.

3.3.4.3 Results

The ultimate static test force for the P4 level was applied in each case. Slipping
was again observed in both samples however, as the foot settled loading continued.
The slipping on loading may be observed between 4 and 9mm compression in
Figure 42. The lower section of the foot was then observed to deflect into the upper
toe sections and then the heel contacted the baseplate in the two contact stages as
previously observed (see Figure 43). The first change of gradient is visible at 9mm
compression for both samples with the second change of gradient occurring at
22mm compression for sample 1 and 21mm compression for sample 2. On
unloading a single change of gradient is clear but a second change was not easily
discernible. Slipping during unload was seen between 16 and 11mm compression in

Figure 42 or Figure 44.
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Load vs compression, P4 toe loading Strathclyde
foot
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Figure 427 A graph showing load vs. compression of samples 1 and 2 of the

Strathclyde foot under P4 toe loading conditions

Figure 437 An image showing sample 1 of the Strathclyde foot under maximum P4

toe loading
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Time vs compression, P4 toe loading Strathclyde

foot
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Figure 447 A graph showing time vs. compression of samples 1 and 2 of the

Strathclyde foot under P4 toe loading conditions

Creep was observed at maximum load of 0.18mm in sample 1 and 0.19mm in
sample 2. Deformation was present at the end of testing, 9.1mm and 9.2mm
respectively in samples 1 and 2.

By applying the mid-ordinate rule to the values as defined some approximate
values for energy input and return were gained. In this case for sample 1 the input
was 21.04J and a return of 8.61J giving a loss of 12.43J. For sample 2 an input of

21.15J was found and a return of 8.83J giving a loss of 12.32J.

3.3.4.4 Discussion

The approximate energy return for samples 1 and 2 was 41% and 42%
respectively. When compared to the P3 results a lower energy input into the system
was seen, 27.07J average at the P3 level but only 21.09J at the P4 level. A similar

absolute energy return is observed, 9.01J at the P3 level and 8.72J at the P4 level.
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As a result, the energy return was a larger percentage of input at P4 than at P3
(33% in each sample at P3). The system appeared stiffer, likely because of P3
testing causing lasting deformation. Compared to the results of P3 testing the
samples were observed to have reached heel contact at approximately 21.8mm
(sample 1) and 21.0mm (sample 2) which was 4.9mm and 4.7mm sooner,
respectively, than in P3 testing of the same samples. This suggested that
deformation persisted in the samples after testing however, this was not as large as
the values at the end of P3 testing, 12.2mm and 11.8mm respectively, which
indicated partial recovery between tests. Given the 9.1mm and 9.2mm deformation
at the end of testing in samples 1 and 2 there was expected to be further permanent
deformation within the keels although the amount was undetermined.

In Figure 43 it was seen at the rear of the pyramid adapter and foot interface
that there was a gap. This suggested rotation had occurred about the contact point
and will have added to the deformation recorded. On conclusion of testing no
deformation of the threaded rod was observed nor damage from the rod to the keel.
Some damage was observed on the front of top surface of the keel where it
contacted the pyramid adapter. Two tracks had been pressed into the top surface

leading to some of the rotation and deformation observed.

Samples 1 and 2 both survived with increased discolouration visible on the
underside of the lower toe section and the damage to the top surface. The samples
had likely retained deformation from this testing as they did from P3 testing, even

given time to rest between tests.

3.3.4.5 Conclusion
ISO 10328 does not specify what constitutes failure of a sample. The
permanent deformation may be considered to qualify as failure however, as the

keels remained functional it was decided to continue testing using these samples.
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The samples had previously undergone permanent deformation from the P3 level
and were able to sustain the maximum loading of the P4 level under toe conditions.
Testing continued to the P4 level for the heel condition and if successfully completed

then could proceed to testing at the P5 level.

3.3.5 P4 testing i heel

3.3.5.1 Specimens

Samples 1 and 2 from P3 testing and P4 toe testing were inspected for damage
or deformation and found to have whitening on the toe sections demonstrating some
permanent deformation. The toe section of the keel was unlikely to contact the

baseplate during and as such they were used again in heel testing at the P4 level.

3.3.5.2 Method
The sample was prepared and treated in the same manner as described in
section 3.3.3.2 Method with the upper load being increased to 4130N to reflect the

P4 loading requirement.

3.3.5.3 Results

The samples were loaded at the prescribed 175N/s with no signs of breakage
or slippage by the upper limit of 4130N. In both case the ball was observed to
deform under loading until the keel contacted the steel base plate (Figure 45). The
contact occurred at around 12.1mm compression in sample 1 and 10.3mm
compression in sample 2, observable in Figure 46 or Figure 47 by the sharp change
in gradient as the system becomes stiffer. The static load was maintained for 30
seconds during which the Instron recorded 0.39mm of creep in sample 1 and
0.43mm of creep in sample 2 as shown in Figure 46. During unloading the removal

of contact from the keels may be seen by the change in gradient at 12.6mm
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compression for sample 1 and 10.8mm compression in sample 2, although this was

less clear in sample 2.

Figure 457 An image showing sample 2 of the Strathclyde foot under maximum P4

heel loading
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Load vs compression, P4 heel test Strathclyde
foot
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Figure 46 7 Load vs. compression results of Strathclyde foot under P4 heel testing

Time vs compression, P4 heel test Strathclyde
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Figure 47 7 Time vs. compression graph of Strathclyde foot under P4 heel testing
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Using the same method as described previously in section 3.3.2.3 Results,
energy in the system was calculated. Sample 1 had an energy input of 14.77J and
an output of 8.13J giving a loss of 6.64J while sample 2 had an input of 15.42J and

an output of 9.66J giving a loss of 5.77J.

3.3.5.4 Discussion

During testing the balls both deformed to the point where the keel was directly
in contact with the baseplate however this contact occurred at different loads for
each sample, approximately 1570N for sample 1 and 1530N for sample 2. The
same balls were used as in testing to the P3 level. The loads required here for
contact were lower than in P3 testing (by 320N and 260N respectively i see Figure
48) which indicated that the balls were less stiff during P4 testing. The compression
at keel contact for sample 1 during P4 testing was greater than during P3 testing
(12.04mm compared to 11.81mm) but in sample 2 the compression in P4 was less
than during P3 testing (10.26mm compared to 11.64mm). When combined with the
reduced loads to keel contact thisgavet wo di fferent explanati onse
performances. The ball in sample 1 appeared to be less stiff during this test and the
distance to keel contact increased, perhaps due to deformation remaining in the keel
or the ball from P3 testing. In sample 2 however, keel contact occured at a slightly
higher force but a reduced compression potentially indicating a stiffer but deformed

ball after P3 testing.
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Load vs compression, P3 and P4 heel loading
Strathclyde foot
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Figure 48 - Comparison of samples 1 and 2 under P3 and P4 ultimate static heel

loading

While increased temperature of a rubber can cause a reduction in modulus of
elasticity the fact that the balls were kept together between tests and performed so
differently ruled out an environmental effect causing the change in properties.

With the same caveat regarding the sustained upper load affecting the energy
return, the energy return of the feet was 55% for sample 1 and 63% for sample 2.
This was very similar to the results from the P3 level (54% and 62% respectively).

The two feet both survived without observable damage to the keel or ball
although given the results observed there was the possibility of lasting deformation
from P3 testing. Further deformation due to P4 testing may not be ruled out although

not observed directly.
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3.3.5.5 Conclusion
The Strathclyde foot was considered to have passed the ultimate static loading
condition in the heel condition of the P4 level. As the toe condition of P4 level has

already been passed testing should continue to the P5 level.

3.3.6 P5testing i toe

3.3.6.1 Specimens

The feet previously used in the P3 and P4 testing were examined for signs of
damage or permanent deformation and were observed to have stress whitening on
the underside of each toe section. 9.1mm and 9.2mm of deformation remained in
samples 1 and 2 respectively at the conclusion of P4 testing however, the remaining
permanent deformation was expected to be much lower. As such it was decided that
P5 toe testing could be pursued using the same samples as even failure would have

provided insight into the performance of the setup following previous high loading.

3.3.6.2 Method
The method was as described for P3 toe testing (3.3.2.2 Method) however, the

load was increased to 4480N in line with P5 requirements.

3.3.6.3 Results

The ultimate static test force for the P5 level was applied in each case. Slipping
was observed in both samples however, as the foot settled loading continued. The
slipping on loading may be observed between 1.5 and 9mm compression in Figure
49. The lower section of the foot was then observed to deflect into the upper toe
sections in the two contact stages as previously observed. The foot then continued
to deflect until the ball at the rear of the foot and subsequently the keel at the rear of
the foot contacted the baseplate (Figure 50). The first change of gradient was visible

at 9mm compression for both samples with the second change of gradient
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representing heel contact occurring at 22mm compression for sample 1 and 21mm
compression for sample 2. On unloading a single change of gradient was visible at
approximately 2.05mm compression in either sample but a second change was not
easily discernible. Slipping during unload was seen between 16 and 11mm

compression as in Figure 49 or Figure 51.

Load vs compression, P35 toe test Strathclyde foot
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Figure 497 A graph showing load vs. compression of samples 1 and 2 of the

Strathclyde foot under P5 toe loading conditions
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Figure 50 i An image showing sample 1 of the Strathclyde foot under maximum P5

toe loading

Time vs compression, PS5 toe test Strathclyde foot
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Figure 517 A graph showing time vs. compression of samples 1 and 2 of the
Strathclyde foot under P5 toe loading conditions
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By applying the mid-ordinate rule to the values as defined some approximate
values for energy input and return could be calculated. In this case for sample 1 the
input was 9.48J and a return of 4.25J giving a loss of 5.23J. For sample 2 an input

of 10.37J was found and a return of 4.54J giving a loss of 5.83J.

3.3.6.4 Discussion

The approximate energy return for samples 1 and 2 was 44% and 43%
respectively. This was greater than both P3 testing (33% in each) and P4 testing
(41% and 42% respectively). This increased energy return was likely to be as a
result of the increased stiffness causing a slightly smaller final compression to occur
in P5 testing compared to P4 testing (1.28mm and 0.77mm less for sample 1 and
sample 2 respectively). The increased stiffness may be an effect of permanent
deformation remaining in the system, reducing the deformation required before the
heel section of the keel contacts the baseplate. The majority of increased resistance
from the heel is as a result of the keel contacting the baseplate. The extent of
permanent deformation in the heel section of the keel caused during heel testing
was unknown as the keel may not return as readily as the ball and so the final
deformation cannot provide an effective measure of keel deformation.

Both samples showed reduced compression at each increased level of loading
with the greater decrease occurring between P3 and P4 testing (4.49mm and
4.23mm respectively, see Figure 52 and Figure 53) rather than between P4 and P5
testing (1.28mm and 0.77mm respectively).

Contact between the lower toe section and the upper toe section occurred at
approximately 8.5mm at the P4 and P5 level of testing on sample 1 and 8.8mm for
sample 2. In P3 testing both samples slipped slightly, at 8.7mm in sample 1 and
6.1mm in sample 2 but contact between lower and upper toe sections occurred at

11.1mm and 10.6mm respectively. This suggested a permanent deformation of the

127



lower toe section of approximately 2.6mm in sample 1 and 1.9mm in sample 2 in the
loading axis. This permanent deformation appeared to change by less than 0.5mm
between P4 and PS5 loading in either sample which suggested the effect of heel
contact prevents, or greatly reduces, further deformation of the toe section. This was
a good design feature as under extreme loading the load would be distributed away

from the toe section and may prevent failure of the toe section.

Load vs compression, Sample 1 toe test Strathclyde foot,
all P levels
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Figure 527 Load vs. compression at all P testing levels of Strathclyde foot sample 1
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Load vs compression, Sample 2 toe test
Strathclyde foot, all P levels
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Figure 537 Load vs. compression at all P testing levels of Strathclyde foot sample 2

Samples 1 and 2 both survived with increased discolouration on the underside
of the toe sections and likely an increased permanent deformation. A final
deformation of 8.25mm remained in sample 1 at the conclusion of testing (see
Figure 52) while sample 2 had 9.09mm deformation remaining (see Figure 53).
These values would be expected to decrease given time to recover however some

permanent deformation would remain in the samples.

3.3.6.5 Conclusion

The Strathclyde foot passed the P5 ultimate static loading requirements for the
toe condition. While there was permanent deformation remaining in the keel it is not
of a high level and would not preclude use of a foot under normal loading levels and
patterns for a short time until a replacement could be made. There appeared to have
been a large permanent deformation remaining in the heel section as a result of P4
heel testing (approximately 7.24mm in sample 1 and 8.71mm in sample 2). The
result of heel testing at the P4 level then should not be considered a pass as there

was significant, lasting deformation. Testing was to be carried out for the heel

129



condition to the P5 level to observe performance following this deformation, but it

would not be appropriate to consider further testing as validation to the P5 level.

3.3.7 P5 testing i heel

3.3.7.1 Specimens

Samples 1 and 2 from P3 and P4 testing and P5 toe testing were found to have
permanent deformation on the forward edge of the heel area of the keel. This
deformation meant that they were not considered to have passed the P4 level
however they were used again in heel testing at the P5 level to inform on behaviour

following failed condition.

3.3.7.2 Method
The sample was prepared and treated in the same manner as described in
section 3.3.3.2 Method with the upper load being increased to 4480N to reflect the

P5 loading requirement.

3.3.7.3 Results

The samples were loaded at the prescribed 175N/s with no signs of breakage
or slippage by the upper limit of 4480N in the case of sample 2. In sample 1 the ball
was observed to split after the keel had contacted the baseplate (Figure 54). The
contact occurred at around 9.9mm compression in sample 1 and 9.8mm
compression in sample 2, observable in Figure 55 or Figure 56 by the sharp change
in gradient as the system becomes stiffer. Figure 55 shows that 0.42mm of creep
occurred in sample 1 and 0.41mm of creep in sample 2 at maximum loading.
During unloading the removal of contact from the keels was seen by the change in
gradient at 10.3mm compression for sample 1 however there was no clear point

highlighting the removal of contact from sample 2.
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Figure 54 - An image showing sample 1 of the Strathclyde foot at maximum P5 heel

loading

Load vs compression, P5 heel testing Strathclyde
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Figure 557 Load vs. compression results of Strathclyde foot under P5 heel testing
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Time vs compression, P5 heel testing Strathclyde
foot
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Figure 56 7 Time vs. compression graph of Strathclyde foot under P5 heel testing

Using the same method as described previously in section 3.3.2.3 Results
energy in the system was calculated. Sample 1 had an energy input of 13.64J and
an output of 8.59J giving a loss of 5.05J while sample 2 had an input of 15.79J and

an output of 10.12J giving a loss of 5.67J.

3.3.7.4 Discussion

The ball in Sample 1 split after the keel had contacted the baseplate. As the
performance of sample 1 was similar after this point in both P4 and P5 testing it may
be assumed that the effect of the ball at this stage of testing was much smaller than
the effect of the keel on overall performance. During testing the balls both deformed
to the point where the keel was directly in contact with the baseplate however this
contact occurred at different loads for each sample, approximately 1215N for
sample 1 and 1370N for sample 2. The same balls were used as in testing to the P3

and P4 level. The loads required here for contact were again lower than in P4
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testing, by 355N and 160N respectively, and a total of 675N lower for sample 1 and

370N lower than in the P3 loading condition (see Figure 57 and Figure 58).

Load vs compression, Sample 1 all levels heel
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Figure 57 7 Load vs. compression at all P testing levels of Strathclyde foot sample 1

Load vs compression, Sample 2 all levels heel
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Figure 58 7 Load vs. compression at all P testing levels of Strathclyde foot sample 2

With the same caveat regarding the sustained upper load affecting the energy

return, the energy return of the feet was 63% for sample 1 and 64% for sample 2. In

133



either P5 case the keel contact point occurred at a lower compression than in the P4
case. This strongly indicated that deformation had remained within the ball between
tests. After this contact the performance was similar to that observed at the P4 test
level. This did not rule out the possibility of deformation remaining in the keel
between tests (as indicated by the results of toe testing at the P5 level) but the
similarity in performance indicates that, aside from localised deformation, the keel
had not been compromised in testing.

In comparing the performance across different levels sample 2 showed similar
initial load-compression behaviour with the keel contacting the baseplate at
progressively lower compressions and thereafter a similar load-compression
behaviour, although with increasing maximum loads only resulting in similar
maximum compressions (13.61mm, 13.33mm and 13.36mm at P3, P4 and P5 test
levels). In contrast sample 1 showed an increased compression before the keel
contacted the baseplate (by 0.33mm) during P4 testing compared to P3 testing and
a reduction at the P5 level. The load-compression behaviour prior to the keel
contacting the baseplate at the P4 and P5 level was similar however in either case it
was less stiff than during P3 testing. The reduced stiffness was likely to be as a
result of damage to the ball. As the P4 level showed an increase of 0.33mm in
compression until contact with the baseplate this may have been a result of lasting
deformation in the ball following P3 testing coupled with an alignment change after
the ball was removed for inspection. In P5 testing a reduction in compression at
keel-baseplate contact was observed, in line with the performance of sample 2. The
P4 testing may then have caused further deformation to the ball however with a
similar alignment to P4 testing a reduction rather than an increase in compression

was observed at keel-baseplate contact.
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3.3.7.5 Conclusion

The Strathclyde foot was not considered for verification to the ultimate static
loading condition in the heel condition of the P5 level. The permanent deformation
and declining performance of the ball in sample 1 between P3 and P4 tests
indicated damage in the ball, which while not preventing use of the foot would
certainly impair function however, the lasting permanent deformation of the keel
following P4 heel testing was considered to be a failing condition at the P4 level.
During P5 heel testing the ball split which would have counted as a failure even
without the keel deformation. The keel itself did withstand the full force of loading
without breaking which might be considered a qualified success, however given the
permanent deformation resulting from P4 testing this increased loading will have

resulted in even greater permanent deformation.

3.3.8 Discussion

The Strathclyde foot was tested up to the P5 level in heel and toe conditions.
The keel with a ball in the heel was found to pass to all levels in toe loading. With
the addition of the glass fibre rods (intended to provide energy storage and return)
catastrophic failures occurred in both samples at the P3 level. The method for rod
inclusion at the time, as specified by (L. E. Morton et al., 2009), was to drill through
three walls within the keel and slide the rods into the holes made. Aside from being
a highly inconsistent method and weakening the structure, it introduced an
additional manufacturing step. This method of energy storage and attachment to the
keel was to be changed for these reasons.

The energy storage and return of the toe section ranged from 43-62% which is
positive in that a significant portion of the energy was returned. With adjustment to

ensure the function and safety of an energy storage and return system the
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percentage of energy return could be much higher which in turn could contribute to
the function of the prosthesis.

The heel tests were passed to the P3 level by both samples however at the P4
level both samples were determined to have suffered significant permanent
deformation of the keel resulting in failure being recorded. Energy return at the heel
was calculated at 54% in P3 testing. This was higher than was potentially necessary
as part of the function of the heel was energy dissipation at heel strike. It should be
noted that the loading conditions used in testing were not representative of normal
gait and as such performance of the prosthesis in gait is likely to be different, with
higher energy returns likely due to shorter contact times, reducing creep as well as

lower maximum loads.

3.3.9 Conclusion

The Strathclyde foot may be deemed to have met the ultimate static toe loading
condition of the P5 level of ISO 10328. The model used in FEA was inadequate to
predict the survival of the samples under toe loading to the P5 level.

The Strathclyde foot did not technically meet the ultimate static heel loading to
the P4 level of ISO 10328 due to significant permanent deformation of the keel. The
Strathclyde foot did pass both test conditions to the P3 level.

Based on prior work (L. E. Morton et al., 2009), the expected working condition
of the Strathclyde foot was to be with composite rods inserted into the keel. When
tested using this setup the feet were seen to fail catastrophically prior to successful
completion of the P3 level ultimate static toe loading and as such this method of
energy storage was deemed unacceptable and to be replaced.

The keel design required improvement to accommodate the energy storage and

return function. The next step was to address these issues prior to further testing.
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3.4 Summary

A Product Design Specification was drawn up to define the project outcomes.
The existing design of the Strathclyde foot was then to be tested to form a baseline
for design improvements. The Strathclyde foot was tested sequentially at the P3, P4
and P5 levels for the ultimate static loading conditions. In toe loading the Strathclyde
foot was found to pass at each level up to P5. The heel loading achieved the P3
condition successfully but did not meet the P4 condition due to significant
permanent deformation of the keel. P5 level heel testing was carried out to view
performance of a compromised keel and while the keel suffered further permanent
deformation it did not fracture although the ball in sample 1 did split in testing. When
a pair of glass-fibre rods was included in the setup for heel testing catastrophic
failure was observed prior to completion of the P3 loading condition. In both sample
3 and 4 the glass fibre rods snapped and in sample 3 one of the top toe sections
broke off. The next step was to improve the design prior to retesting, particularly the

energy storage and return method.
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CHAPTERDd@siigmpr ovemen

and testing

The Strathclyde foot design was to be developed based on the results of the
physical tests carried out on the existing design and with specific points from the
Product Design Specification. Methods of prototype manufacture were to be
examined and evaluated for a suitable method and material with which to produce
physical prototypes for testing. These prototypes were then to be tested with results
being compared to the results from the existing Strathclyde foot design and FEA

results for the revised design.

4.1 Design development

Following evaluation of the current Strathclyde foot design (see Figure 59) the
following areas were identified for further development:

1 The method of foot to shank attachment

1 The heel of the foot was wide at the rear, unlike the heel of the anatomical

foot
1 Thermal distortion effects in manufacture caused by design
1 The rods used for energy storage and return were found to fail in testing

1 No specific location for attachment of energy storage elements

In order to advance the design, each of these issues required dealing with in

turn.
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Figure 59 - The Strathclyde foot keel design at the beginning of the current project

(L. E. Morton et al., 2009)
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4.1.1 Foot to shank attachment
The existing design of the Strathclyde foot suggested welding the foot to a
specific, polypropylene shank (L. E. Morton, Spence, Buis, & Simpson, 2009). As
the selected material for the design was copolymer polypropylene, it was decided to
continue with this material in concept. Welding is potentially of use as a method of
connection for the foot to shafts or sockets however this would reduce the
applicability of the foot where existing systems are already in use as it would not
guarantee interface.
Even though the Strathclyde foot was designed with the intention of welding to
a shank, i n Morton gl E aMbrtodet al.p200®vai holerwsas t e st i n

drilled through the top surface and a threaded fastener inserted (see Figure 60).

Figure 601 Strathclyde foot showing the inserted threaded fastener used in
previous testing (L. E. Morton et al., 2009)

Pyramid adapters are commonly used to provide a connection between foot unit
and shank whilst also allowing for alignment to be carried out (see Figure 61).

Inclusion of a pyramid adapter would allow the foot unit to be more widely.
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Figure 617 A typical pyramid adapter with bolt and washer for attachment.

The previously used method of drilling into an injection moulded keel was
unacceptable and not to be continued. A feature should be included in the keel
design to allow the insertion of a bolt for the pyramid adapter without additional
modification. This feature would increase the complexity of the injection moulding
process however would allow the foot to be more widely used. To accommodate
such a feature, the design was to be altered with the heel moved backwards to allow
clearance for a through hole to be created in the foot without hindering the strength
of the heel section.

To prevent impact during walking, which could cause a severe jar to the user,
the bolthole was to be countersunk from the underside.

Figure 62 below shows the outline of the hole feature including the countersunk
part at the bottom. The shaft appears very wide in Figure 62 due to it including the
thickness of the injection moulded material and thus representing the outside
dimensions. It may also be observed that the heel now juts out further than before to

accommodate the hole. Figure 63 better shows the internal dimensions.
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Figure 62 - The new design with the bolthole location highlighted in red and pyramid

adapter for reference

o

Figure 63 - Cross section through the centreline of the keel superimposed on

complete keel to display the through hole feature within it

FEA was used to determine the strength of the main ankle block of the keel was
not compromised vertically by including a hollow central column to accommodate
the bolt (see section B3.3 Heel modification). It was determined that the introduction
of the bolthole did not compromise the keel design with respect to heel loading

however a reduced load to yield was seen with respect to vertical loading of the
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underside of the ankle block, although this was more likely related to changes to

allow the energy return feature (discussed in 4.1.4 Energy return feature).

4.1.2 Heel width

As the heel of the new Strathclyde foot design was far wider than that of the
anatomical foot it was decided that it should be narrowed as closed shoes would be
impossible to use with the current keel design. The heel area of the keel was used
to retain a ball in place that acts as a shock absorber on heel impact. There was
also the potential of using a cylinder cut to length, but the same requirements would
be made of the keel. As the heel section did not provide any lateral constraint on the
ball/cylinder it did not need to be as wide as the initial design and so should not
have provided any issues in reducing the width in this respect. A requirement of the
cosmesis was then to constrain the ball, or cylinder, within the heel cavity. The
existing width was compared to a tapered heel design and a more narrow, constant
width design (see section B3.2 Heel width). The heel was loaded in a worst-case
scenario and it was found that the variant design had lower load to yield in either
case than the original heel design so further development was carried out and
modelled in B3.3 Heel modification, where satisfactory performance was reached by
increasing the heel section height and altering the rib pattern. In reducing the width
of this section of the heel the stability should not have been impacted as the contact
at heel strike remained on the ball as before and with the retention offered by the
cosmesis the ball would have been unable to shift. Figure 64 below shows the initial

design of the heel from above compared to the updated version.
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Figure 64 - The initial Strathclyde design, left, and the updated design, right. The

designs are shown approximately to the same scale.

The reduced width is clear to see from Figure 64 but also the increased length

of the heel due to the inclusion of a bolthole in the design.

4.1.3 Thermal distortion effects

The existing design was injection moulded previously but all samples showed a
dip along the medial line of the top surface of the keel (see Figure 65). This
appeared to be a result of the cooling after the injection moulding leading to thermal
shrink. It would have been preferable, particularly if the keel were to be welded to a

shaft, to have had a flat surface.
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Figure 6517 Image showing thermal distortion of Strathclyde foot (top) and void

formation (bottom)
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While (L. E. Morton et al., 2009) included FEA related to mould design, it did not
take into account cooling effects on the finished item. RPWorld (Beijing, China) were
the company who produced the injection moulded samples however there was no
record of discussion with them regarding thermal distortion of the finished product.
The material within the keel running along the medial line of the foot is
approximately 7mm thick compared to the 2.5mm and 1.4mm thicknesses found
elsewhere. By reducing the thickness of this central rib and standardising the size of
the ribs, the shrinkage visible on top of the keel should be reduced. The voids
observed within the existing design are likely to have been caused due to the large
wall thickness of the medial section meaning that the outside skin cooled more
quickly than the inside and so pulled outward, forming a void. By reducing this
thickness, a more even cooling will be possible reducing the likelihood of void
formation and shrinkage on the top surface. FEA was carried out to determine the
effect of varying the wall thickness from 7mm to 5.3mm, 3.7mm and 2mm on the
strength of the ankle structure (see section B3.1 Distortion due to manufacturing
effects). It was determined that reducing the wall thickness to 2mm did not
detrimentally affect the strength of the ankle structure and so this change was
applied. Upon determining the final shape of the keel, all ribs were also adjusted to

2mm for consistent wall thickness throughout the keel.

4.1.4 Energy return feature

The initial design of the Strathclyde foot had no built-in allowance for an energy
return feature. The concept that rods could be used to store energy during deflection
of the toe section was applied previously (L. E. Morton et al., 2009). Rods of various
materials had been inserted into the foot between the upper and lower toe sections,
these rods would then flex as the lower toe section contacted them and return to

their original form as the toe was unloaded, returning stored strain energy. This
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method required holes to be drilled into the keel after manufacture, through several
sections of the plastic keel (see Figure 66 below). One of the concepts in the foot
design was that it could be easily customised in situ for the user. As such drilling

holes to insert rods was unacceptable and not to be implemented.

- —

Figure 66 - This image demonstrates the energy return rod system between the

upper and lower toe sections used previously, note the three layers of plastic in the
keel that were drilled through (L. E. Morton et al., 2009)

Strain energy stored in a flexed beam is defined as:

Where M is moment, L is beam |l ength,

and | is the moment of inertia of the beam cross-section.
Assuming a constant M, L and E then | is desired to be as small as possible so
that U will remain large however the competing interest of maintaining a low bending

stress requires | to be large:
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An alternative way to reduce the bending stress would be to reduce the y value.
As the beam is expected to be in tension on the underside when flexed a shape with
the neutral axis towards the underside will reduce the tensile stress.

For example, a rectangular shape with equal | value to a circle but with a total
height equal to the radius of the circle would have a bending stress on the most
extreme edge of half that of the equivalent location on the circular section. A beam
with a cross-section that tapered towards the top would offer a further way to reduce
y while maintaining |I.

For simplicity in producing samples a rectangular cross section formed the
basis for the energy return feature to be used. Thi s wasbtd ledcat drom
sheets of material to simplify production

In using a blade then a method of attachment had to be considered. The
concept that the blade could be shaped in a way to provide an interference fit with
the keel was applied but requires further testing to ensure friction would not damage
either keel or blade and cause the connection to become loose. The keel had to be
modified to create a clear space where such a blade could be inserted without
further modification of the keel post manufacture, the evaluation of which is detailed
in sections B3.3 Heel modification through B3.6 Whole design evaluation. Although
the modification did reduce the load to yield of the keel in various conditions it was
unclear if these would be unacceptable, so it was determined that prototypes should
be formed to test. With the idea of user customisation, the use of a blade with
different flexibility on either side could make a symmetric foot become either a left or
right foot. To allow this, it was conceived that a blade be customised then slotted
into the keel. Stock blades could be produced and then reinforced to increase

resistance as required by the usero6s weight
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Figure 67 - The foot displaying the concept of using a blade insert

The blades were to initially be made of fibreglass based on the results of testing
by Morton, Spence, Buis, & Simpson, 2009 however, a thorough evaluation of
materials is recommended with emphasis on energy return and fatigue properties in
determining a final material selection. Modification of the shape was to come later
when tuning the performance with particular attention to tapering along the length of
the beam and of the section. The blade was to be required to be tested in both static
and cyclic testing with particular attention to the fatigue occurring during cyclic

testing.

4.1.5 Design conclusion

With the updated design in place, testing was required to determine its
performance. The FEA described in section B3.7 Duraform EX models predicted a
load at yield in toe loading of 296.2N on a half foot model (492.4N full foot) however
physical samples were required.

Injection moulding in polypropylene was the desired production method

however with a small batch size the costs become very high per unit because of
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tooling costs. Due to the elapsed time from the previous order the mould from the
existing design had not been retained by the manufacturer and so was unavailable
for modification. As such alternative methods were sought to provide more cost-
effective prototypes for testing. The process should be able to produce small
batches and should be cheap enough to produce batches of different designs within
the budget of the project. The turnaround time was important given the time scale of
the project.

The methods detailed below do not bond materials in the same way as injection
moulding and will not adequately represent the material properties of polypropylene.
The samples produced were to be used to determine the effects of design changes
rather than as tests for compliance to standards, although testing was modelled on
standards. The testing of physical samples was also to act to provide verification to
the FEA model. As a result of the criteria imposed layered manufacturing techniques
were determined to be potentially suitable and investigated, with the details

examined below.

4.2 Layered manufacture

Layered manufacture is the term given to a number of manufacturing methods
which work by employing CAD to produce scale 3D models of designs through
additive means, i.e. the model is built up rather than carved out of existing material
(such as milling would do, for example). These methods allow net shape
manufacture, where a product is manufactured to its final form without the need for
additional manufacturing processes to be carried out. Some of the methods to be
discussed allow for mixture of materials to tailor the properties for the specific use
required. Included in this definition are Stereolithography (SLA), Laminated Object

Manufacture (LOM), Selective Laser Sintering (SLS), Fused Deposition Modelling
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(FDM), Inkjet Deposition (ID), Solid Ground Curing (SGC) and Vacuum Casting.
Other techniques exist but only those mentioned above will be covered in some

detail as the more commonly available methods.

4.2.1 Stereolithography

Stereolithography is a photopolymer based technique; an ultraviolet laser is
passed over an ultra violet light curable resin layer by layer. The design is
constructed from the base up with fresh resin being applied over each cured layer
and then cured in turn to form the next layer. Supports are required where the shape
may deflect, either due to gravity or the resin applicator as it makes each pass.
These supports must be removed by hand once the process is completed. Post
curing is also required to ensure material properties. Other methods exist such as
ascending suspension, ascending surface or masked-lamp descending platform as
well as the descending platform method described above.

A range of materials is available for use that may approximate plastics such as
ABS, polypropylene or nylons. These materials may be mixed in multi head powder
feeds giving differing material properties throughout the product, tailoring for specific
function. Products may suffer from poor adhesion between material layers if the
parameters are not carefully controlled as layers cool before the addition of following
layers. Stereolithography involves high initial start up and running costs due to
machinery and materials handling and so the cost per unit is relatively high
compared to other layered manufacturing methods. Stereolithography was judged to

be a good potential prototyping process.

4.2.2 Laminated Object Manufacture
Laminated Object Manufacture is carried out by gluing layers of plastic, paper
or metal together and cutting at each layer to the desired shape. It is most

commonly used with paper and can have long-term dimensional stability issues,
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mainly to do with water absorption, although this may be avoided by sealing. There
is a large amount of waste produced in the off cuts.
This was not a viable prototyping method and was discarded since the material

strength of LOM produced models is low.

4.2.3 Selective Laser Sintering

SLS uses lasers to fuse small particles of plastic, metal, wax, glass or ceramics
to form a 3D shape. A 2D shape is scanned on a flat bed of the powdered material
resulting in the particles melting and fusing. More powder is added to cover the first
level and the process is repeated until the full 3D shape has been formed. Supports
are not required to be built into the design as the unused powder serves this
function. SLS can produce complex geometries and is beginning to be used in
production for working products of limited production size rather than just for
prototyping. The use of multiple powder heads allows for the mixture of materials
and so properties and performance of the product.

SLS can make use of a variety of materials, notably polymers, and has a good
dimensional accuracy as well as providing good material properties but it should be
noted that it can suffer from stepping in the ma ¢ h i vemidalsaxis and poor surface

finish.

4.2.4 Fused Deposition Modelling

Fused Deposition Modelling works by laying down material through an extrusion
nozzle. The nozzle heats the material, which then cools on departing the nozzle.
The nozzle moves to cover the desired shape and builds the structure up in layers.
Plastic or metal wires can be used and there is also a disposable material that is
used to provide support when required. The material costs involved in FDM are
relatively high, presumably due to the requirement for a coiled filament of the

materials, which also limits the material choices available.
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Based on the higher costs and complex geometry likely to be involved as well

as potential poor layer to layer adhesion this was discarded as a process choice.

4.2.5 Inkjet Deposition

Inkjet deposition comes from the printing industry however in the case of
layered manufacture it is a fast curing compound, adhesive or molten material which
is used rather than ink. In the case of fast curing or molten materials the shape is
printed directly onto a work surface and built up in successive layers, each printed
directly on top of the last. Supports may be required where a structure is not
sufficiently strong until its completion. Where an adhesive material is used a powder
is required which the adhesive will bind thus forming the solid shape, the powder
filling the workspace at each layer provides support in this case. Once again, the 3D
shape is built up in layers.

This process is more usually used to produce investment casting patterns and

not functional parts and so was discarded.

4.2.6 Solid Ground Curing

Solid ground curing is another photopolymer based process. A photosensitive
resin is exposed to light through a mask (formed on glass through an electrostatic
process, similar to photocopying), which represents a layer of the model being
produced. Once a layer has been exposed to light the excess resin is removed and
replaced with wax that acts as a support for the structure during manufacture. The
surface is milled, partly to ensure dimensional accuracy but also partly to ensure a
good bonding surface between layers. The next layer of resin is put on top and
again exposed to light through a mask for the next layer and the process is repeated
until a complete product is formed. The support wax may then be removed, and any

finishing required carried out. The disadvantages of the process lie in the fact that
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there are few materials available for use and that over exposure of the resins during
the process can cause unused material to be unrecyclable.
Solid Ground Curing is not a process available in the UK and thus was

discarded.

4.2.7 Vacuum casting

Vacuum casting is not technically a layered manufacturing technique; it does
however possess the advantages of being relatively fast, accurate and has a similar
process to injection moulding. It is suitable for producing small batches and has
many material options available, some of which are similar in properties to
polypropylene.

Vacuum casting works by creating a mould in degassed silicon, based around
an original pattern, either formed for this purpose or an existing piece. The mould is
separated along a dividing line to remove the pattern and to allow for removal of
moulded parts. The mould is placed in a vacuum while the resin is added at which
point the pressure is reintroduced effectively forcing the resin fully into the mould.
After being allowed to cure the mould can be separated and the part removed. The
mould may be reused several times and is thus useful for producing batches of

products.

4.2.8 Comparison of manufacturing methods

The comparison of manufacturing methods presented here in Table 5 is to
determine which method may be used to produce a small batch of prototypes that
can be used in mechanical testing. Certain of the methods listed were easily
removed from consideration; laminated object manufacturing for the low material
strength of materials available for fabrication, fused deposition modelling for the
weakness of layer to layer bonding, inkjet deposition for the lack of a functional part

produced and solid ground curing for not being available in the UK at the time of
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research. The remaining methods, stereolithography, selective laser sintering and

vacuum casting were determined to be worthy of further investigation.

Method of operation Strengths Weaknesses
Stereolithography Ultraviolet light Speed Relatively
cured resin built in Large print expensive
layers envelope materials
Supports required Post curing
required
Laminated Object | Laminate formed Low cost Lower
Manufacture from base material dimensional
and adhesive, accuracy
sample cut to shape Long term

stability issues

Selective Laser
Sintering

Lasers used to fuse
powdered material

No supports
required

Porosity

Delamination

selectively exposed
to light to produce

High accuracy

in layers High strength and | Visible stepping
stiffness products Surface finish
Speed
Fused Deposition | Material is extruded Speed Limited material
Modelling in a pattern, built in Relatively high choice
layers cost Limited
geometric
complexity of
product
Inkjet Deposition | Layers are built of Efficient material | Limited material
rapidly-solidifying use choice
liquid material Potential to tailor
material
properties
Solid Ground Photosensitive No support High waste
Curing material is required Limited material

choice

Unavailable in

resin under
pressure

Good accuracy
Good mechanical
properties

ascending layers the UK

Vacuum Casting A silicon mould is Single mould for High costs
depressurised prior small batch Thin wall

to introduction of a production sections not

recommended

Table 57 Comparison of described manufacturing methods in section 4.2 Layered

manufacture
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4.2.9 Evaluation of remaining manufacturing methods

The remaining potential processes for manufacture to be used were Vacuum
Casting, Stereolithography and Selective Laser Sintering.

ARRK Europe is a large manufacturing company with particular experience in
rapid prototyping (including layered manufacture). As VC, SLS and SLA were
available from them it was decided that they be contacted. The SLS process
coupledwit h t he materi al 6Duraform EX®&6 was recon
datasheets for the materials available for use in VC, SLS and SLA were provided.
Upon examination of said datasheets it was noted that the materials used in SLA
were relatively brittle and would not be suitable for the mechanical tests planned of
the prototypes. As a result, SLA was discarded as a prototyping method.

When provided with quotes for the respective methods the costs involved in
vacuum casting were significantly higher than that of SLS (£1,336 compared to £696
for 8 samples) as a prototype would be produced through SLA in order to form the
mould and then the production of the samples would be carried out. It was noted
that the design provided would require modification to be cast using the VC method.
Similar changes to the design would likely be required to make the design suitable
for injection moulding and these were to be borne in mind for future design changes.
As the models were to be produced in small batches the high cost of vacuum
casting would quickly exhaust the budget for the project, leading to a preference for
SLS methods.

The material properties of an injection moulded polypropylene design are not
accurately reproducible outside of that method due to the nature of flow
characteristics, mould and material conditions contributing to the final properties of
the product. As the prototypes could not serve to claim compliance with ISO 10328

and were only to serve as validation of design concepts prior to investing in mould
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tooling for injection moulding the cost is a more significant factor than achieving very
similar material properties to polypropylene. After an examination of the data sheets,
samples were requested of two of the SLS materials, Duraform EX and Duraform
PA, for examination in order to determine suitability for testing.

The datasheet provided by ARRK Europe contained the following relevant
claims about the nature of the sample materials, Duraform EX and Duraform PA,

displayed in Table 6.
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Duraform Duraform | Polypropylene, Total PPH
PA EX Copolymer 3480z
(ARRK (ARRK (Overview) Polypropylene,
Europe, Europe, (MatWeb, Extrusion grade
2010) 2010) 2017b) (MatWeb,
2017c)

Specific gravity 1.00 1.01 0.952 0.905
(g/cm®) *
Tgnsﬂe Strength, N/A 37 26.6 )
Yield (MPa)
Tepsile Strength, 43 48 28.6 35.6
Ultimate (MPa)
Elongation at N/A 5% 17.9% 10%
Yield
Elongation at 14% 47% 178% >100%
Break
Tensile (| 1586 1517 1390 1515
modulus (MPa)
F!exural Strength, N/A 42 507 )
Yield (MPa)
Flgxural Strength, 48 46 ) )
Ultimate (MPa)
Flexural Modulus |4 557 1310 1410 1380
(MPa)
Moisture
absorption i 24 0.07% 0.48% 0.0472% -
hours
Impact strength
(notched Izod 32 74 139 26.5
23°C) (J/m)
Impact strength
(unnotched Izod 336 1486 385 1270
23°C) (J/m)
Heat deflection
temperature @ 180 188 95.6 107
0.45 MPa (°C)
Heat deflection
temperature @ 95 48 67.6 -

1.82 MPa (°C)

Table 6 - This table displays the relevant material properties from the datasheets

provided by ARRK Europe. * The data has been represented here as presented on

the datasheet.
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Upon inspection of the samples provided it was decided that they would be too
thin to provide meaningful data when subjected to a three-point bending test. To
purchase thicker samples for testing would have cost several hundred pounds and
with the limited budget in mind it was decided that tensile testing would be carried
out on the samples and compared to the stated tensile values. Should the
experimental tensile properties be similar to the quoted tensile properties then it
would be reasonable to assume the accuracy of all values provided by ARRK
Europe.

It may be assumed that the material properties quoted by ARRK Europe are
based on ideal specimens, i.e. the layer orientation is normal to loading to reduce
likelihood of delamination during testing. The samples provided for tensile testing
appeared to have been manufactured in this way with the layers built normal to test
orientation, across the thinnest section in order to reduce the number of layers (see
Figure 68), and as such a similar result should be achievable. If other samples were
produced with the layering occurring in different orientations then the laminar
binding would become a factor and lower tensile strengths would likely be observed,

but it is recommended this be determined experimentally.

4.3 Material testing

4.3.1 Specimens

ARRK Europe (Gloucester, UK) provided four samples, two of Duraform EX (EX
I and EX 1) and two of Duraform PA (PA | and PA 1), both materials used in the SLS
process. The measurements of samples are recorded in Table 7 with Figure 68
identifying where measurements were taken, the overall length of all samples was
16mm. Sample | ayers wer e hbughfdorfurthernestinghtes

recommended that samples be obtained with varying build orientations, particularly
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in Al 0o and Ado directions. A further two san
and CB) and homopolymer polypropylene (HA and HB) were cut from sheets (North
Sea Plastics, Glasgow, UK), however, samples were made to a different size and
measurements were not recorded to the same precision. It was thought at the time
t hat testing would be wused only to adet er mi
dimension of the test sample would not be relevant however, it is recommended that
in any further testing samples be made to the same size and measurements be
made to the same precision. Homopolymer polypropylene is produced using only
propylene monomers while copolymer propylene has additional monomers added,
often ethylene, to form the polymer. The addition of these monomers means that
copolymer polypropylene was more flexible but also more durable than

homopolymer polypropylene.

. S
| > (et
—_—
Layer build
direction

Figure 681 The reported dimensions of tensile testing samples, in SLS made

samples the |l ayers were built across |
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Sample d (mm) | (mm) t (mm)
EXI 1.30 65 12.74
EXII 1.30 65 12.68
PA | 1.33 65 12.75
PA I 1.35 65 12.78
CA 6 60 13
CB 6 60 13

HA 5 60 13
HB 5 60 13

Table 717 Recorded measurements of compared samples (see Figure 68 for

reference locations)

4.3.2 Method

The samples were loaded in the Instron and auto balance was applied to give
zero load initially. Samples had pure tension applied at a rate of 500mm/min until
failure. This was an arbitrary loading rate and it is recommended that any further
testing be carried out according to a standardised method, such as that of ISO 527.

The Youngdés modul was dedminedfrorh thesgaadignt oéthe
initial elastic region in each case up to 0.01 strain. Yield point was determined at the
intersection of a |line with the Youngdds

the recorded data from testing.

4.3.3 Results

The following graphs show the load-extension curves formed by the samples.
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Load vs. extension of ARRK samples
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Figure 69 - Load vs. extension of ARRK samples (Duraform EX and PA)

Load extension graph of polypropylene samples
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Figure 70 7 Load vs. extension of polypropylene samples (copolymer and

homopolymer)
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A limit was tripped prior to the failure of EXI however the sample had
undergone significant plastic deformation and so could not be retested. The result
was included to this point to demonstrate its similarity with that of EXII prior to that

point.

4.3.4 Discussion

The EX samples were seen to behave in a similar manner, with EXI becoming
more flexible than EXII upon exiting the elastic region. Similarly, with the PA
samples PAI became more flexible than PAIl upon exiting the elastic region prior to
failing at a load approximately 23N lower than that of PAIl (707.3N compared to
729.9N). In comparing the different types of Duraform it was observed that the EX
samples were more flexible (maximum extension of EXII was 26.6mm compared to
6.1mm for PAI and 5.9mm for PAIl) however, the failure of EXII occurred at a similar
maximum load (706.4N) to the failure of the PA samples. The PA samples were
observed to behave more stiffly than the EX samples through all stages prior to
failure.

The polypropylene samples showed some variation between samples of the
same material. The copolymer samples behaved in a similar manner initially with CA
reaching a higher maximum load than CB (1508.8N vs. 1477.3N) before both
samples began extending further under decreasing loads. CA then failed at 14.9mm
extension compared to 54.2mm in CB. The homopolymer samples showed very
similar behaviour through maximum load (1504.7N in HA vs. 1499.0N in HB) and
initially during extension under decreasing load however, HA then failed at
approximately 21.6mm extension compared to 24.7mm in HB. Comparing the types
of polypropylene is difficult as CB showed much greater elongation at failure than
both HA and HB however, CA failed with a lower elongation than either of the

homopolymer samples. All four samples reached a similar maximum load (range:
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1477.3N i 1508.8N) with the copolymer samples performing more stiffly than the
homopolymer samples until reaching this point and then becoming less stiff than the
homopolymer samples.

Direct comparison of the polypropylene results to those of the Duraform
samples cannot be done due to the very different dimensions of the polypropylene
and ARRK samples, the polypropylene samples were approximately 60mm in
length, 13mm wide and 5mm thick (homopolymer) or 6mm thick (copolymer). In
order to allow a comparison, the results were converted to a stress-strain format.
This was achieved by dividing the load by the initial cross-sectional area of the
sample to give stress and the extension divided by the original length to give strain.
The original length used was that of the narrowed test section. This means that any
extension of the wider, unclamped sections was not accounted for and could lead to
errors in the presented data, although this was likely to be small enough to be

inconsequential.

Stress-strain curves of ARRK samples vs Copolymer PP
samples

45

Stress (MPa)

0 0.1 0.2 03 0.4 0.5 0.6

Strain

—EXI EXI PAI pAll =—CA ——(CB ——HA ——HB

Figure 71 - Stress-strain curve of ARRK samples compared to PP samples
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Figure 71 shows both Duraform PA and EX from ARRK compared to copolymer
and homopolymer polypropylene. The samples began to diverge in performance
beyond a certain point, so they will be looked at in more detail prior to and around

that point.

Stress-strain curves of ARRK samples vs Copolymer PP
samples

45

40

Stress (MPa)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Strain

—EXI EXII PAI PAIIIL =——(CA ——(B =—=———HA =—HB

Figure 72 - Stress-strain curve of Duraform EX and PA samples vs. copolymer and
homopolymer polypropylene samples, displayed to 0.1 strain

It can be seen in Figure 72 that there was an area of similar performance
initially between the copolymer and homopolymer polypropylene samples however
the Duraform PA samples were less stiff and the Duraform EX samples were less
stiff again. Notably the stress continued to increase in the EX samples while
decreasing in the copolymer samples. It took approximately 0.04 strain to reach a
difference in stress of 5MPa. The PA samples were initially a closer match for the
PP however past approximately 20MPa stress the PA samples began to diverge
from the PP quite significantly, reaching a difference in stress of about 8MPa over
the course of 0.02 strain. In comparison to the homopolymer samples the PA

samples again showed a better match initially than the EX samples however the PA
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samples went on to demonstrate much higher stresses at the same levels of strain

before failing at around 42MPa slightly before 0.09 strain was reached. The EX

samples had greater strain at particular stresses when compared to the

homopolymer samples however from around 25MPa on the EX samples did display

a similar gradient, albeit at lower stress and strain values.

From Figure 72 the Ultimate Tensile Strength (UTS) and elongation at break of

each of the materials may be determined as below in Table 8. T h e

Youngos

was calculated using the values under 0.01 stress and was then used as the

gradient of a line using a 0.2% offset to calculate the tensile yield strength and

elongation at yield.

Sample UTsS Elongation Tensile Yield | Elongation | Yo u n
(MPa) at break strength at Yield | modulus
(%) (MPa) (%) (MPa)
EXI N/A N/A 17.1 2.3 813
EXII 42.8 40.9 16.5 2.1 862
ARRK EX 48 47 37 5 1517
properties
PAI 41.7 8.9 N/A N/A 940
PAII 42.3 8.9 N/A N/A 944
ARRK PA 43 14 N/A N/A 1586
properties
CA 31.8 14.6 18.0 1.7 1204
CB 31.1 54.2 17.4 1.7 1160
HA 38.1 21.2 19.7 1.8 1226
HB 38.0 24.4 19.8 1.8 1216

Table 8 - Properties of Duraforms EX and PA and homopolymer and copolymer

polypropylenes. (EXI has incomplete properties due to not failing during the test)
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The UTS value for EXII was approximately 10.8% lower than that quoted by
ARRK on their materials datasheet while the elongation at break recorded was
13.0% | ower . The tensile yield strength, el
recorded were only approximately 45% of the values quoted by ARRK. Although EXI
had only limited properties in the above table a similar behaviour was observed to
EXII beyond the yield point but at lower stresses. The Duraform PA samples had
very similar performance to one another, with the recorded UTS within 2.4% of the
43MPa quoted by ARRK, however the elongation at break was quite different at
8.9% experimentally compared to 14% quoted by ARRK. Simply looking at the
values above it became clear that Duraform PA was very brittle compared to the
other materials having experienced only a very small elongation at break and not
having a tensile yield strength. The relative brittleness of Duraform PA was
confirmed by the notched Izod impact strength, 32J/m compared to 74J/m for
Duraform E X, and unnotched l zod i mpact strengt
1486J/m. The Youngos macdaied based anatlse gradient of the curve
in the initial elastic region, as per ASTM D638, using values up to 0.01 strain. The
values for the Duraform samples were much lower than those given in the data
sheet (942MPa compared to 1586MPa), EX was quoted at 1517MPa while
achieving only 862MPa (EXIIl) and 813MPa (EXI) in testing and PA was quoted at

1586MPa while only reaching 940MPa and 944MPa.

4.3.5 Conclusion

Due to the |l arge discrepancy in Young6s m
by ARRK it was decided to use another met h
Based on the brittleness observed in Duraform PA it was discounted as a possible

prototype material.
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4.4 Extensometer testing
An extensometer was employed to more accl

modulus of the Duraform EX samples, using ISO 527 methods.

4.4.1 Method

Samples were mounted in the Instron universal testing machine. An Instron
2620-603 mechanical, dynamic extensometer (accuracy +0.15%) of gauge length
10mm was used, giving a limit of Imm extension. The extensometer was attached
to the sample in the test region using two elastic bands as supplied and per the
operating instructions as shown in Figure 73. Per ISO 527, extension was applied at
1Imm/min to the 1mm limit. The load at each data point was then divided by the
cross-sectional area (d x t) to give the stress at each instant. Data was recorded
through the Instron Bluehill software and processed in Microsoft Excel and

MATLAB.
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Figure 73 - A sample of Duraform EX mounted in the Instron with the extensometer
visible on the right hand side of the sample

4.4.2 Specimens

Six SLS formed dumbbell shape samples of Duraform EX were purchased from
ARRK Europe. Each sample was labelled from A to F and measured (dimensions
identified, Figure 68, and included below, Table 9). Three measurements were taken
for d and t of each sample and averaged to give a final value. All measurements
were taken with a set of Vernier callipers. It was noted that sample E felt notably
grainier than the other samples and that this was also visible although without any
clear alignment and was not believed to be related to layer build up. Layers were

buil't across t he Figue &8) dnd scewere iperpendi¢uarete the
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loading direction. These samples did not conform to the size criteria of ISO 527,
being too thin, and is recommended that if further testing were to be done on these

materials then standardised samples should be produced to the requirements of ISO

527.

Duraform EX I (mm) d (mm) t (mm)
A 68 1.27 12.61

B 68 1.24 12.70

C 68 1.27 12.64

D 68 1.26 12.70

E 68 1.30 12.66

F 68 1.26 12.65
Homopolymer [ (mm) d (mm) t (mm)
A 100 4.06 10.24

B 100 4.00 10.20

C 100 4.01 10.41

D 100 4.12 10.06
Copolymer I (mm) d (mm) t (mm)
A 100 4.74 10.28

B 100 4.77 10.08

C 100 4.78 10.09

D 100 4.78 10.17

Table 9 - Dimensions recorded from samples

A set of samples was produced, four of homopolymer (North Sea Plastics,

Glasgow, UK) and four of copolymer polypropylene (North Sea Plastics, Glasgow,
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UK), to the required dumbbell test shape by milling from standard sheet. The
samples were not notably rough on the edges. In future testing these samples
should be made to standard sizes as recommended for the SLS samples. The

polypropylene samples were measured the same way as the Duraform EX samples.

4.4.3 Results
Each sample of Duraform EX was recorded without incident. The samples

showed a small initial curve followed by a nearly linear region in each case.
Per 1 SO 527 Youn g éuatedrusinglOl u—s—,withs/aluesaof ¥
= 0.0025 and ;1 = 0.0005 and corresponding stresses to those strain values. The

values calculated for Youngb6s modul us

of each other (max 1.484GPa, min 1.391GPa) with a mean value of 1.439GPa.

12 Duraform EX (stress-strain)

Stress (MPa)

-0.001 0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Strain

Sample C =——Sample D Sample E Sample F

Sample A Sample B

Figure 74 - Stress-strain graphs displaying ARRK samples A to F

The same method was used for the homopolymer samples with the range of
values calculated as 131MPa (minimum 1.752GPa, maximum 1.621GPa). The

mean value was 1.680GPa
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Homopolymer polypropylene all samples

12
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——HPA ——HPB HPC ——HPD

Figure 75 - This graph displays the stress strain results of the extensometer testing

carried out on homopolymer polypropylene samples.

It was observed that in homopolymer sample D a sharp decrease in strain
occurred although the cause of this is unknown.

During testing of the first of the copolymer samples noises were heard during
testing. On plotting the results two significant anomalies were seen on the graph,
shown in Figure 76, at points that corresponded to sounds heard at the time. It was
determined that this was the result of the wedge grips (see Figure 73) slipping
slightly due to the pressure being too low. The pressure was duly adjusted, and the
sample retested, and the other samples tested. The sample was not considered to

have failed and was retested and those results included in analysis.
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Copolymer polypropylene sample A, test 1
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Figure 76 - Graph showing the anomalies on the extensometer testing of copolymer
sample A during the first test.

Homopolymer polypropylene all samples
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Figure 77 - Graph showing the stress strain results of the extensometer testing
carried out on copolymer polypropylene samples.
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The copolymer samples had a range of Youn g 6 s mo d @MPa éninimméim

1.660GPa, maximum 1.673GPa) with a mean of 1.665GPa.

4.4.4 Discussion

During data processing, small peaks became visible apparently indicating
sudden increases in stress (see sample HPD in Figure 75 for examples of several of
these). As these peaks only lasted for a single sample point (0.001s) they were
determined to be unlikely to have been caused by slipping of grips or extensometer
and were likely caused by noise in the system.

The Young 06 f theddrafdrnu EX was much lower than that of the
polypropylenes however this was to be expected from the previous tensile testing.
The mean value of the EX samples was 1.439Pa compared to 1.680GPa for
homopolymer and 1.665GPa for the copolymer. The Youngbs modul us

EX is 85.7% of that of the homopolymer and 86.4% of that of the copolymer.

4.4.5 Conclusion

In terms of comparing the quoted values of Duraform EX to those determined

1

or Du

experimentally the Youngbs modul us a p.p% e what wasoquoted. If 8 4

similar percentage was assumed for the flexural yield strength, then it would have
been around 39.9MPa and the ultimate flexural strength would be 43.7MPa. These
results were deemed to be adequate to confirm those quoted by ARRK.

The behaviour of Duraform EX was found to be significantly different to both
copolymer and homopolymer polypropylene and cannot be considered to be an
adequate analogue to either, having a
yield and comparable UTS and tensile yield strength in ideal testing conditions. In
any prototype model, the sample will be tested along and across build layers
included as part of the SLS process rather than simply along build layers as in these

tests. Further testing should be carried out to test the properties of Duraform EX
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when pulled across the build layers however the performance is likely to be
substantially reduced unless full bonding occurs across layers.

While these results suggested the values provided by ARRK Europe may be
trusted, these values did not describe the performance of the material after any
moisture absorption occurs, for example (Jia, Fraenkel, & Kagan, 2004) showed that
even 1% increase in mass by water absorption can lead to a reduction in yield
stress of nylon (which Duraform EX is largely made of) by as much as 30MPa. It is
recommended that prior to any longer-term testing, tests be carried out to determine
material properties after equilibrium for moisture absorption is achieved under
testing conditions.

It was deemed that samples could be produced using Duraform EX in an SLS
process in order to test design changes and validate FEA data however ultimately
any design would need to be verified in the final material produced using the
intended process, in this case likely copolymer polypropylene through injection

moulding.

4.5 P3 toe tests

4.5.1 Specimens

Two prototypes were produced by ARRK Europe from Duraform EX via SLS
and were labelled 1 and 2 respectively. These each had a 56mm diameter rubber
ball (l1tdéds my party, Hi xon]twas&knowledgeatthat
failure of the balls was seen at the P5 level of heel loading however to eliminate the
balls at this point based on two results was deemed premature. Two more samples
were produced and labelled 3 and 4. Samples 3 and 4 included a rubber ball but
also a fibreglass blade, Figure 78, as shown in Figure 79. The blade profile was

develop based on the outline of the keel when viewed from above. This was not an
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optimised solution for energy return but did offer some protection to the blade by
keeping the outer dimensions matched to that of the keel. Optimisation of the blade
is recommended for further work, both in terms of profile and with respect to
applying reinforcement to the initial shape to tune the response based on the
intended mass and activity level of the user. This blade profile was only to serve as
a first step in determining the effect on the keel of insertion of a flexible member and
to indicate the changed stress distribution on the keel this caused. The blades were
cut from 4mm fibreglass (polyester gelcoat and resin, 3 layers of 600g chopped
strand matting 1 East Coat Fibreglass Supplies, South Shields, UK). The blades
were pushed into place, anchoring in the corner while the 2mm thick central cut out
held snugly to the centre of the keel. This arrangement was likely to be adequate for
static load testing however with the load/unload cycle of cyclic testing this was likely
to lead to wear occurring between the blade and the keel. As such it is
recommended that a method for fixing the blade in position be developed, potentially
through the cosmesis or alternatively an epoxy resin to provide bonding and location

to the blade.
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Figure 78 7 The design used for the blades for samples 3 and 4. All dimensions in

mm

Figure 797 Sample 3 including inserted blade prior to testing

4.5.2 Method

The same method as had been used on the original Strathclyde foot was used,

namely:
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The adapter was set up for the required loading condition (heel or toe), which gave
the loading angle required (20° for toe loading, 15° for heel loading). The adapter
was then mounted into the Instron machine with the grip closed on the topmost part.
That the alignment was correct was determined using a goniometer. The foot was
then attached via a pyramid attached to the foot and a pyramid adapter mounted on
the bottom of the brass rod. The crosshead of the Instron was then lowered until the
foot barely contacted the baseplate at which point the crosshead was locked. The
load was increased at a rate of 175N/s until the ultimate static test force upper limit,
3220N, was met (see Table 4), for loads for all P-levels). The ultimate static test
load was maintained for 30s at which point the load was reduced at a rate of 175N/s
until ON load was recorded. The test was to be stopped prior to completion if the

sample was observed to fail or the setup became unsafe in any way.

4.5.3 Results

Samples 1 and 2 broke before reaching the P3 ultimate static load. Sample 1
broke prior to reaching 100N however the crosshead continued to move into further
contact before the limit was tripped leading to a large spike in the results as seen in

Figure 80.
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Load vs. compression, P3 toe loading redesign

(bladeless)
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Figure 807 Load vs. compression of Strathclyde redesign samples 1 and 2 tested to
the P3 toe loading condition

The lower toe sections snapped but remained attached to the keel while the
upper toe sections broke off entirely (see Figure 81). A puff of dust was seen from
the underside of the break in the lower toe section. Sample 2 fared better reaching
approximately 310N before the bottom toe sections separated entirely from the keel

(see Figure 82).
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Figure 827 Sample 2 of the Strathclyde foot redesign immediately after failure

Sample 3 reached 540N at failure (see Figure 83) but failed in a similar location
to samples 1 and 2. Figure 84 shows sample 3 immediately after failure

demonstrating the break. A fine dust was observed coming from the sample as it
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failed. When the surfaces were examined it was seen that there was little
deformation of the surfaces suggesting a brittle failure. The layers of the keel were
built in the vertical direction with the toe and heel in contact with the base layer. The
failure did not occur along the layers however, the step between layers may have
acted as a stress concentrator allowing the crack to propagate. In sample 2 it may
be seen that failure crossed the vertical support (see Figure 82). This section of the
failure did occur between build layers and as such may indicate that incomplete
bonding is present between layers in the sample however, the overall cause of

failure was not delamination of layers in this case.

Load vs. compression, P3 toe loading redesign

0 5 10 15 20 25 30
Compression (mm)

Sample 3 Sample 4

Figure 83 - Load vs. compression of Strathclyde redesign samples 3 and 4 tested to

the P3 toe loading condition
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Figure 84 7 Sample 3 of the Strathclyde foot redesign immediately after failure

Sample 4 achieved the maximum load for the P3 toe loading condition and
returned to zero load with no sign of damage or lasting deformation (see Figure 83).
The lower toe section, blade and upper blade section were observed to slide over
one another as the load was applied. On unloading the blade was seen to have

moved forward from its initial position by approximately 2mm.

Figure 857 Sample 4 at maximum ultimate static load for P3 toe loading

The energy input and output were calculated for sample 4 in the same manner

as for the original Strathclyde foot. The input energy was calculated as 27.87J and
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the output as 8.62J giving a 19.25J energy loss, corresponding to a 31% energy

return.

4.5.4 Discussion

The failure of samples 1,2 and 3 was indicative of a design issue as each failed
in approximately the same area however, the puff of white dust observed in sample
1 suggested the manufacture of the samples was partially responsible. The
Selective Laser Sintering (SLS) process is based on a fine plastic dust being fused
using a laser (see section 4.2.3 Selective Laser Sintering for more detail). If the
plastic was not adequately heated then incomplete fusion may have occurred which
would have led to weaker material properties than expected and, in the case of
sample 1, some of the improperly bonded material being released in a violent
failure. The nature of SLS construction tends to build in layers to the product which
can lead to more rapid failure due to incomplete fusion between layers. Based on
the FEA modelling of the keel the bladeless samples would have been expected to
reach a load of 592.4N before yield at the central vertical rib of the main block
however samples 1 and 2 failed at 84.7N and 311.7N respectively, apparently at the
underside of the lower toe section (point 3 in section B3.6 Whole design evaluation,
predicted to reach yield at 669.8N load). The bladed samples were predicted to
reach yield at 592.4N, on the top surface of the lower toe section however sample 3
failed at 540N on the underside of the lower toe section (point 3 in section B3.7
Duraform EX models, predicted to fail at 850.1N).

In terms of energy storage and return the return was slightly lower than what
was returned by the original Strathclyde foot, without rods, at the P3 testing level
(30% in redesign sample 4 vs. 33% in samples 1 and 2 of the original Strathclyde

foot). This was likely due to a difference in the materials used, with the original
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polypropylene I|ikely having a greater el ong
modulus leading to better energy return performance.

A thorough failure analysis is recommended after any further testing.

4.6 P3 heel tests

4.6.1 Specimens

Sample 1 and 2 had both suffered damage during the toe loading condition of
testing however based on the observed pattern of loading during testing of the
original Strathclyde foot it was deemed that this damage would not affect the load

carrying capacity of the rear of the foot. As such samples 1 and 2 were to be reused.

4.6.2 Method

The adapter was set so that the heel would contact the baseplate at 15° with
the load increasing at 175N/s until the upper load of 2240N was reached. This load
was to be held for 30 seconds before being reduced at a rate of 175N/s until zero

loading was achieved.

4.6.3 Results

Sample 1 was observed to fail during testing. The ball deformed until the keel
made contact after which loading continued to increase. A cracking sound was
heard however the test continued. A break was observed in the keel in front of the
ball as seen in Figure 86. Sample 2 was able to successfully complete the test
without permanent damage or deformation. As such sample 3 from toe testing was
included in heel testing. Sample 3 was able to successfully complete the test without

permanent deformation or damage but did slip on the plate at approximately 3080N.
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Figure 86 i An image showing the fracture in sample 1 from P3 heel testing. Arrows

indicate the edges of the dark line highlighting the break

The load vs. compression profiles of the three samples were quite different from
one another with the keel contacting the baseplate at approximately 8.1mm
compression for sample 1, 7.6mm compression for sample 2 and 10.9mm for
sample 3 as seen in Figure 87. Sample 2 showed a maximum compression of
13.8mm while sample 3 reached 14.1mm compression (see Figure 88). Despite the
break sample 1 was the stiffest overall, only reaching a maximum of 13.0mm

compression.
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Load vs. compression, P3 heel loading redesign
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Figure 87 - Load vs. compression results for Strathclyde redesign under P3 heel

testing

Time vs. compression, P3 heel loading redesign
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Figure 88 - Time vs. compression results for Strathclyde redesign under P3 heel
testing
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The energy input and output were again calculated for samples 2 and 3; sample
1 was excluded due to failure. Using the same method described earlier the energy
input was calculated for sample 2 at 18.64J with an output of 8.68J showing a 9.96J
loss. Sample 3 required less energy input at 15.29J with and output of 8.31J giving

an energy loss of 6.98J.

4.6.4 Discussion

Sample 1 suffered from a fracture during testing and so was not considered a
pass for the purposes of this test. Sample 2 did pass with no visible damage or
permanent deformation. With one pass and one fail a third sample was introduced
and was found to pass. This means that overall a pass could be declared according
to ISO 10328 which required a minimum of two passes with a single replacement
permitted in case of a failing sample. The reason for the failure of sample 1 was not
clear, the loading condition for all three feet was the same and samples 2 and 3 both
survived. The manufacturing process could have introduced a weakness either
through inclusion or through incomplete fusion of the base material.

ISO 10328 is not intended to serve as an ongoing test of performance during
production and is limited in testing to two samples per test condition with a single
substitution permitted in case of failure. Surviving samples may be used in other
tests however this does not increase the number of substitutions permitted. A
permissible failure rate of one in three samples would be very high when scaled into
production quantities and so the standard would not be adequate as a control in
production and an alternative, preferably non-destructive, test would be required
internally following successful meeting of the ISO 10328 standard.

The properties of the surviving samples were quite different with approximately
540N difference in force required to make the keel contact the baseplate (1017N for

sample 2, 1556N for sample 3) while the difference in compression was

187



approximately 3.3mm (7.7mm for sample 2, 11.0mm for sample 3). The difference in
compression and load required of the balls may have been due to the way they were
inserted into the keels. Each ball had to be squeezed through a narrow gap between
two sections of the keel. It is possible that the ball in sample 3 could have been
protruding slightly which would have given additional compression length if the ball
were pushed into place during testing. This could also account for the reduced
stiffness of the system compared to sample 2 as in sample 3 the ball would initially
deform then move under loading giving a greater apparent compression for the
same load as sample 2. The effect would have to have been gradual as there are no
sudden changes of gradients that would indicate a sudden movement of the ball into
the keel. Alternatively, geometric and material inconsistencies between the balls
could have accounted for the difference in performance observed.

Sample 3 had a lower energy input than sample 2 (15.29J compared to 18.64J)
but returned a greater percentage of it overall (54.4% for sample 3, 46.6% for
sample 2). There was little difference in the absolute value of energy returned by
either foot with 8.68J calculated from sample 2 and 8.31J from sample 3. Sample 2
was observed to have undergone 1.34mm of creep as the maximum load was held
compared to only 0.66mm for sample 3 which would have an adverse effect on

energy return observed.

4.6.5 Conclusion
The Strathclyde redesign may be said to have passed the P3 level of the
ultimate static loading test for the heel condition. Testing should continue to the P4

level.
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4.7 P4 Toe test

4.7.1 Specimens
Samples 1, 2 and 3 all failed during P3 testing. Only sample 4 remains without

deformation or damage and so will be the only sample tested.

4.7.2 Method
The foot was to be set up the same way as described in section 4.5.2 Method,

with the exception that the upper load limit was raised to 4130N.

4.7.3 Results

Sample 4 was able to complete the test successfully, without showing any
damage or permanent deformation. The sample was observed to slip slightly during
initial loading and again when unloading. The foot followed the pattern observed in
loading during the P3 toe tests where the lower toe section deflected into the blade
which then deflected into the upper toe sections. The blade could be seen to slide
forward slightly as the lower toe section pressed against it. Subsequently the rear of
the foot contacted the baseplate with the ball contacting initially before the keel then
contacted (see

Figure 89). This was observed in reverse during unloading. The slip in loading
may be seen at 1.3 seconds in Figure 90. At approximately 2 seconds a subtle
change in gradient was observed, indicating the contact between the lower toe
sections and the blade. At 14.4 seconds, the keel contacted the baseplate resulting
in a sudden gradient change due to the reduced compression of the system. At 67
seconds, a change in gradient was observed, corresponding to the keel being
removed from contact. Further contact changes are less clear but the slip during

unloading was observable at 76.5 seconds.
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Figure 891 Sample 4 under maximum P4 ultimate static testing toe load

Time vs. compression, P4 toe loading redesign
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Figure 907 Time vs. compression results for sample 4 of Strathclyde redesign
under P4 toe testing

Many of the same features seen in Figure 90 may also be seen in Figure 91
however in this case the gradient was representative of stiffness. The sample was
clearly stiffest once the keel had contacted the baseplate at the rear. 0.07mm of

creep was observed while the maximum load was held.
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Load vs. compression, P4 heel loading redesign
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Figure 91 - Load vs. compression results for sample 4 of Strathclyde redesign under

P4 toe testing

As before the energy input and output was calculated for the sample with the
regions used defined using the same method as previously. The energy input was

found to be 18.55J with a return of 7.83J giving a total energy loss of 10.72J.

4.7.4 Discussion

The energy return in sample 4 at the P4 level was 42% which is higher than
under P3 testing (30%). There is a 5.8mm decrease between maximum deflections
observed between the P3 and P4 level, see Figure 92; this would be expected if
some deformation had remained from the previous round of testing. It is
recommended that measurements be taken before and after further testing to
determine whether this is occurring. This remaining deformation led to a reduced
overall compression before the rear of the foot contacted the baseplate and a higher
apparent stiffness. This higher stiffness in turn contributed to the higher percentage

energy return as the material underwent a lower strain and did not extend as far into
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the plastic deformation zone, permitting the material to better spring back to the
initial loading condition. Due to the reduced overall deformation at the P4 level a

lower absolute energy was returned (7.83J) compared to that at the P3 level (8.62J).

Load vs. compression, redesign sample 4 toe loading
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Figure 92 7 Comparison of load vs. compression of Strathclyde redesign sample 4

at P3 and P4 ultimate static loading tests

The foot was observed to have returned to its original form post testing although
as it appears to have remained deformed by 5.8mm after P3 testing it is possible
that deformation has remained and is not apparent. It is recommended that key

dimensions be recorded before and after each further test.

4.7.5 Conclusion

The sample did not meet the standard required for the ultimate static test to the
P3 level, having suffered significant permanent deformation, and should not be
considered in terms of passing to the P4 level subsequently. Deformation itself is not

a disqualifying factor in ISO 10328 ultimate static testing however given the amount
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of deformation remaining from P3 testing (5.8mm) and the likelihood of further
deformation having occurred during P4 testing it was not reasonable to consider the
sample passing. This sample was to be tested at the P5 level to determine further
behaviour. Samples were first to be tested to the P4 level of ultimate static loading in

the heel condition.

4.8 P4 Heel test

4.8.1 Specimens

Sample 1 failed during P3 toe and heel testing and was excluded from any
further testing. Having passed testing to the P3 level, samples 2 and 3 were to be
reused. There was the possibility of remaining deformation from the P3 test as

indicated in the toe section after P4 testing.

4.8.2 Method
The foot was to be set up the same way as described in section 4.6.2 Method,

with the exception that the upper load limit was raised to 4130N.

4.8.3 Results

Sample 2 was deemed to have successfully completed testing, however the ball
in sample 3 split during testing as shown in Figure 93, so was not considered to
have passed. During loading the ball was observed to deform until the keel came
into contact with the baseplate. There was a slip in sample 2 at 12mm compression
and in sample 3 at 13mm compression (see Figure 94) however as each foot settled

loading continued.
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Figure 937 Sample 3 showing the split ball under maximum P4 ultimate static load

Time vs. compression, P4 heel loading redesign
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Figure 94 - Time vs. compression results of Strathclyde redesign under P4 heel
testing
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After this point no further deformation was obvious although Figure 95 shows
that 1.01mm of compression occurred during load holding in sample 2 and 1.86mm
in sample 3. Both keels contacted the baseplate at approximately 9.6mm
compression as visible by the sharp change in gradient observed in Figure 95 at that
point. In unloading the removal of contact between keel and baseplate was not

clearly defined.

Load vs. compression, P4 heel loading redesign
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Figure 957 Load vs. compression results of Strathclyde redesign under P4 heel
testing

Energy calculations were carried out as discussed previously. Sample 2 was
calculated to have an energy input of 23.79J and an energy output of 14.10J giving
a 9.69J loss. Sample 3 was found to have a 27.34J energy input and 13.04J energy

output giving a 14.30J loss.
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4.8.4 Discussion

Both keels survived testing however, the ball in sample 3 split open. The same
balls were used as in P3 testing of these samples however in this case the
compression was greater before the keel contacted the baseplate (see Figure 96).
On review, this was likely caused by deformation of the heel section of the keel
leading to the difference observed. While this deformation was not observed after
testing it was apparent when comparing images from before and after testing at the
P3 level as in Figure 97. The extent of this deformation is approximately 1.4mm for

sample 2 and 1.8mm for sample 3.

Load vs. compression, heel loading redesign
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Figure 96 7 Load vs. compression results for Strathclyde redesign at P3 and P4

levels
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Figure 97 i Comparison of sample 2 pre- and post- P3 heel testing showing the

deformation of the keel section

The energy returned in sample 2 was 59.2% which was a greater percentage
than the return at the P3 level (46.6%). This was due to the increased load, the
majority of the increase of which loads the keel which is stiffer than the ball thus
leading to greater energy input and return.

In sample 3 47.7% of energy was returned in P4 testing which was lower than
the 54.4% return achieved in P3 testing. This was not unexpected as the ball would
have been expected to return a portion of the energy stored however its failure

meant that this energy was lost instead.
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The greater creep seen in sample 3 may have been as a result of the ball
failing causing a greater load to pass through the lower part of the keel directly

leading to greater deformation.

4.8.5 Conclusion

ISO 10328 required two surviving samples to declare compliance however the
failure of the ball in sample 3 is to be considered a clear sample failure. The
Strathclyde redesign was not considered to have met the P4 ultimate static loading
condition at the heel because of this. Upon inspection both samples would not have
been considered to have passed the P3 heel test due to the presence of
deformation in the keel and this is also true for the P4 level. Testing was to continue
to the P5 level using the same samples, with a replacement ball to be included in
sample 3, however it was only to examine behaviour of the samples as they had

already failed to meet ISO 10328 at any level.

4.9 P5 Toe test

4.9.1 Specimens

Sample 4 was the only sample used in this test.

4.9.2 Method
The method used was the same as in previous toe tests (see 4.5.2 Method)
however the maximum load was increased to 4480N in line with the requirements of

ISO 10328.

4.9.3 Results
Sample 4 was successfully loaded to the upper limit of the P5 ultimate static

loading test and then unloaded with no apparent damage. The same stages of
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deflection were noted as previously with the lower toe sections deflecting into the
blade and subsequently the blade deflecting into the top toe section. The ball then
came into contact with the baseplate, followed by the keel. The arch of the toe

continued to flatten with part of the back of the toe section contacting the baseplate

also. Figure 98 shows sample 4 under maximum loading.

Figure 98 i Sample 4 at maximum load during P5 toe testing

During loading sample 4 showed ball contact at 19.3mm and keel contact at
20.8mm as visible in Figure 99. During unloading the keel was removed from
contact at 20.9mm while the ball left contact at 20.1mm. There was a slight slip

during unloading, visible at 12.2mm compression.
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Load vs. compression, P5 toe loading redesign
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Figure 991 Load vs. compression results of Strathclyde redesign under P5 toe

testing

Energy values were calculated as described previously in section 3.3.2.3
Results. Energy input was calculated to be 18.62J with energy output being 8.25J

giving an energy loss of 10.37J.

4.9.4 Discussion

The energy return of the foot when tested to the P5 level was 44.3% which is
slightly higher than 42.2% of the P4 level and much higher than the 30.9% of P3
level. This was likely to be partly due to some permanent deformation from previous
tests. As seen in Figure 100 the maximum compression during the P5 test was
lower than during P4 testing and also less than occurred during the P3 test, which

suggested residual deformation of the sample.
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Load vs. compression, redesign sample 4 toe loading
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Figure 100 - Comparison of load vs. compression of Strathclyde redesign sample 4
at P3, P4 and P5 ultimate static loading tests

The percentage energy return increased with the loading level however the
absolute energy input dropped from the P3 to the P4 level (27.87J vs. 18.55J) and
remained similar between P4 and P5 tests (18.55J vs. 18.62J). With increased
permanent deformation of the sample at each level the system would be stiffer
overall leading to a reduced total deformation despite increased loading. This would
have led to lower energy values than might have been expected at increased loads
than if the deformation were not present.

Residual deformation increased by approximately 1.1mm following P4 testing
which reduced the maximum compression that the sample underwent during P5
testing. This was less than the residual deformation resulting from P3 testing
(5.8mm). The increase in residual deformation remaining from P4 testing was

smaller than that remaining after P3 testing and would indicate a stiffer system, most
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likely the effect of the heel contacting the baseplate sooner. This meant that
permanent deformation would need to occur simultaneously in heel and toe,
increasing the loading required to create permanent deformation.

Sample 4 required greater force to reach a similar level of compression as in
previous tests. This was a result of deformation remaining from previous loading
conditions. This was a similar pattern as was observed during the testing of the
original Strathclyde foot although in the single redesign sample there was a
decrease in compression at contact between the lower and upper toes sections
between P4 and P5 testing (0.7mm, see Figure 100). This increased compression at
the P5 level was in contrast to the unchanged compression between P4 and P5
loading in the original Strathclyde foot and may have been as a result of the
changed material. As the material that moved was from the very edges of the
section closest to the baseplate the effect is likely to have been small, which would
have indicated that this difference was largely a result of the changed material. The
FEA results for toe loading in polypropylene and Duraform EX predicted a higher
load to yield in the Duraform EX samples (see section B3.6 and B3.7), suggesting
that polypropylene would reach a lower load at yield in prototype testing. This did
not take into account the manufacturing of the parts themselves, particularly the

apparent weaknesses, caused by the SLS procedure, between layers of material.

4.9.5 Conclusion
This may not be considered towards passing the P5 criteria of 1ISO 10328,
having already been ruled out following P3 testing. The design showed some similar

patterns under toe loading as the original Strathclyde foot
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4.10 P5 Heel test

4.10.1 Specimens

Samples 2 and 3 are to be reused despite the presence of permanent
deformation to the rear of the foot as a result of testing to P3 or P4 ultimate static
load conditions. A replacement ball of the same type as previously used was placed

in sample 3.

4.10.2 Method
The foot was to be set up the same way as described in section 4.6.2 Method,

with the exception that the upper load limit was raised to 4480N.

4.10.3 Results
In both samples, the balls were observed to split after the keel contacted the
baseplate (Figure 101). The keels however did survive without damage but did show

some deformation of the keel in front of the ball.

Figure 1017 Sample 2 (left) and sample 3 (right) showing the split balls at maximum
load

At maximum load creep was seen in sample 2 of 0.41mm and in sample 3 of
1.01mm (Figure 102). Contact of the keel was observed at different compressions

and loads in the samples. The keel of sample 2 made contact at 9.3mm
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compression and 1315N while the keel of sample 3 made contact at 11.4mm and

1870N. In unloading the removal of contact is not clearly visible in the data.

Load vs. compression, P5 heel loading redesign
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Figure 102 - Load vs. compression results of Strathclyde redesign under P5 heel

testing

The energy values were calculated through the same method described in
section 3.3.2.3 Results with sample 2 found to have an energy input of 23.22J, an
energy output of 14.27J and an energy loss of 8.95J while sample 3 had an energy

input of 27.88J, an energy output of 14.45J and an energy loss of 13.42J.

4.10.4 Discussion

The energy return percentages for samples 2 and 3 were 61.4% and 51.8%
respectively which was higher than the P4 level (59.2% and 47.7%) and the P3 level
(46.6% and 53.4%) In terms of absolute energy sample 2 showed a lower energy
input at P5 (23.22J) than P4 (23.79J) but a higher energy output (14.27J vs. 14.10J)
while sample 3 showed a higher energy input (27.88J vs. 27.34J) and output

(14.45J vs. 13.04J).
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During P5 testing sample 2 required less deflection than sample 3 before the
keel came into contact with the baseplate due to existing greater deformation from
previous testing. This in turn meant that less energy could be stored in the system
despite the higher load.

When compared to previous test results sample 2 showed almost the same
unloading curve in P5 testing as P4 testing (see Figure 103). This would suggest
that the sample had reached a maximum stiffness during P4 testing however the
loading patterns are quite different after keel contact has been made. The exact time
of the ball failure was not known however if it happened shortly after keel contact it
would have caused the system to be less stiff than when it was intact and account
for the divergence in loading pattern observed while still giving a similar unload
pattern. As the ball in sample 3 had been replaced since P4 testing it is possible that
it was slightly larger giving the approximately 2mm difference in compression
between the keel contact in P4 and P5 testing. The new ball did split as part of the
testing which could explain the similarity in the end of the unloading curve between

the P4 and P5 tests.
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Load extension of all P-level heel tests for Strathclyde foot
redesign sample 2 and 3
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Figure 103 - Comparison of load vs. compression of Strathclyde foot redesign at all
P-levels of ultimate static heel loading tests

The performance observed on increasing load levels was different to that
observed for the original Strathclyde foot in that increased load led to increased
compression at each level of testing (in the original Strathclyde foot decreased
compression was observed with increased loading in sample 2 while sample 1 had
increased compression at the P4 level and then reduced compression at the P5 load
level i see section 3.3.6.4 Discussion for more details). As both the design and
material changed from the original Strathclyde foot it was likely that both had an
impact on performance however, the individual effect of each was not determined.
As permanent deformation was observed from the P3 level in the redesigned
samples the increased compression is in addition to, and greater than, deformation
at previous levels. The original Strathclyde foot did show increased compression at
the higher load levels but the increase due to P4 loading was less than the increase

due to P3 loading.
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4.10.5 Conclusion

The Strathclyde foot redesign was not considered for verification to the ultimate
static loading condition in the heel condition of the P5 level. The effect of changing
design and material will have both impacted the performance of the redesign
however the extent of each is difficult to determine based only on these tests. FEA
was carried out on the existing design and this redesign however it suggested that
the existing polypropylene Strathclyde design would reach yield at a load of 354.2N
while the Duraform EX redesign would reach yield at 592.4N. This disparity in
results between the FEA models and the prototype testing meant that the FEA
models were unsuitable for accurately predicting real-world performance but may
still be used to compare designs virtually for design improvements.

Overall the testing of the Strathclyde foot redesign highlighted areas for
improvement, particularly after the poor results achieved by three out of the four
samples under toe loading conditions. The heel of the keel appeared to undergo
permanent deformation as early as during P3 testing and the extent of deformation
increased with increased test level. The failure of the ball was an issue to be
addressed having confirmed the performance observed during the testing of the

original Strathclyde foot design.

4.11 Summary

Initially several methods of layered manufacture were described including
Stereolithography, Laminated Object Manufacture, Selective Laser Sintering, Fused
Deposition Modelling, Inkjet Deposition and Solid Ground Curing as well as the non-
layered manufacturing process, Vacuum Casting. SLS was selected and two
materials were put forward for potential use. These materials Duraform EX and

Duraform PA were tested in tension both to destruction and non-destructively to
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determine the ultimate tensile strength, elongation at break, tensile yield strength,
el ongation at yield and Youngos mo dou !l us,
polypropylene, both homopolymer and copolymer. Duraform EX was determined to
be a suitable material to produce sample models to test concepts but that these
were not adequate to predict the performance of polypropylene parts due to
differences in properties and manufacture method. Prototypes made of Duraform EX
were tested to the ultimate static loading procedure specified in ISO 10328. Testing
revealed that the performance of the toe section was inconsistent as one sample
survived through to the P5 level of testing (with excessive deformation to be
considered a pass at any level) while three samples (two without reinforcing blades)
did not survive P3 testing. In heel testing permanent deformation of the keel was
found at the P3 level with increased deformation following P4 and P5 testing as well
as balls being observed to fail at the P4 and P5 level. The design did not meet any
level of ISO 10328 ultimate static testing however, the performance is partially due

to the material and manufacturing method.
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CHAPTERF®rt emeresn gn,
testing and evalu

This chapter begins with the elements of redesign required after the testing in
the previous. Toe and heel loading was carried out to the ultimate static loading
levels. Each design of the Strathclyde foot was compared across P-levels. A
comparison of P5 Strathclyde foot performances to other prosthetic feet as tested by
Jensen & Treichl, 2007, follows. Finally, a single subject force plate trial was

conducted on the Strathclyde foot.

5.1 Introduction
Certain shortcomings in the design were visible following testing:
1 The failure of the toe sections under test conditions, both lower and
upper
1 Excessive deformation of the surviving keel in toe loading
1 The engagement of the blade with the keel

9 Failure of the ball at the heel

To address these shortcomings the following changes were made:
1 The gap between the upper and lower sections was reduced
1 The toe section width was increased where it met the ankle block

1 The upper face of the lower toe section was made flat

The gap between the upper and lower toe sections was reduced to 5mm to

allow for a 3mm blade to be included while also retaining room for potential
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modification of the blade (e.g. a stiffer blade may better suit a heavier or more active
user) by a method to be determined at a later stage (see Figure 104). The gap was
reduced by increasing the height of the lower toe section. The height increase led to
a predicted increase in moment of inertia from 1.97x10°m* to 4.33x10°m*
(calculated as in for the C channel in section B2.4 Model Validation) at the section of
the lower toe where the high stress points 2 and 3 were observed to form in section
B3.6 Whole design evaluation. This increased moment of inertia reflected an
increased stiffness of the toe section, which was desired to reduce the deformation

from that observed in the surviving keel of first redesign.

Extended
ribs into heel

Increased height of lower
toe section, with flat top

Increased
rib height

Figure 104 7 First redesign (top) compared to second redesign (bottom)

The width of the toe sections was increased where they met the ankle block by

reducing the taper back towards the ankle block (see Figure 105), which increased

210



the width and so further increased the predicted moment of inertia at the point

previously mentioned to 6.01x10°m?.

Figure 1057 Both redesigns of the Strathclyde foot viewed from above, first

redesign (red), second redesign (grey) showing increased width at rear of toe

The reduced gap between the lower and upper toes sections combined with the
flat surface applied to the upper surface of the lower toe section meant that the
lower toe section would contact the blade at a reduced deformation to the first
redesign. The blade would then come into contact with the upper toe section sooner
than previously. This would lead to the load being shared across multiple sections
and so contribute to preventing an early failure of the lower toe section. The flat top
surface of the lower toe section would also reduce friction between the lower toe
section and the blade allowing each section to flex separately and the point of
contact between the lower toe section and blade to travel backwards as the
deformation increased, helping reduce the stress on the sections.

The changes made to reduce the gap between sections led to an adjusted rib
pattern in the ankle block, in terms of rib height, the top of the lower section and the
bottom of the upper section, which also continued into the heel (see Figure 104).

An additional minor change was made to the design at this stage; the outside of

the end of the toe sections as viewed from above had a single, larger fillet applied
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as opposed to two smaller fillets connected with a short straight section (see Figure
105).

The failure of the ball was not addressed in this redesign process in order to
keep the conditions at the heel constant between the redesigns to allow comparison
however, it is considered an area of attention for further work.

The changes made were validated using the FEA described in section B4
Second design revision. The keel design was broken down into sections; lower toe,
upper toe, heel and ankle block where the second redesign was compared to the
first redesign. The lower toe was found to have lower stresses and deformation in
the second redesign than the first at a given load. The upper toes were deemed
similar and so analysis of the whole system would be sufficient. The heels were
examined in section B4.3 Heel FEA, and the second redesign was expected to show
higher load to yield and reduced deformation when compared to the heel section of
the first redesign. The ankle blocks were loaded from the bottom faces, with the load
applied vertically upwards, and appeared to perform in a similar manner (see
section B4.4 Ankle block FEA). Another FEA model was run on the ankle blocks
with loading being applied only on the bottom corner of one side of the keel where it
was found that the second redesign was generally stiffer, undergoing less deflection,
and had higher load to yield at all high stress points identified in redesign 1 (see
section B4.5 Edge loaded ankle block FEA). A new high stress point was apparent
in redesign 2 that was not present in redesign 1 however the load at yield was more
than double all points in redesign 1. A further model based on that in section B4.5
Edge loaded ankle block FEA was run, this time including the blades for the
respective keels (section B4.6 Modified edge loaded ankle block FEA) during which
the redesign 2 setup was found to show less deflection while the stresses generated

were not considered to be representative of real world conditions.
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The second redesign was tested to ISO 10328 toe loading conditions in FEA,
both without (see section B4.7 Full foot bladeless polypropylene) and with a blade
(see section B4.8 Duraform EX models). The bladeless model was found to reach a
higher load at yield, or not yield before maximum load, at each high stress point
when compared to redesign 1 with the exception of point 1, in the centre of the keel
on the vertical support. This was found to be acceptable as the difference was slight
and this area was not observed to fail in the prototype testing of 4.5 P3 toe tests.

The bladed model was run with the keel using the properties of Duraform EX,
rather than the polypropylene used in other models so that a direct comparison
could be made between the FEA models and prototype tests. The results of FEA
testing suggested that failure would be reached on the vertical support (point 2 in
B4.8.5 Results, equivalent to point 1 in the bladeless model in B4.8.2 Results) at
392.8N. Failure has not been observed in previous prototypes at this point so the
second point to failure, point 1 in B4.8.5 Results (equivalent to point 1 in the
bladeless model), was predicted to fail at 1333N load. Due to the differences
observed between previous FEA and prototype tests a further round of prototype

tests was required.

5.2 P3 Toe test

5.2.1 Specimens
Three samples were produced by ARRK Europe by SLS using Duraform EX
and were labelled 1, 2 and 3. Each had a 56mm rubber ball ( 1 t 6s my party,
UK) inserted into the heel. Samples 2 and 3 each had a blade made from 4mm
fibreglass (polyester gelcoat and resin, 3 layers of 600g chopped strand matting 1
East Coat Fibreglass Supplies, South Shields, UK) inserted into the toe section (see
Figure 106). The blade was pushed into place with the 2mm wide cut out holding the

blade within the keel.
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Figure 106 i The design used for the blade in the Strathclyde foot second redesign

5.2.2 Method

The same method as had been used on the original Strathclyde foot and the
first redesign was used, namely:

The adapter was set up for the required loading condition (heel or toe), which
gave the loading angle required (20° for toe loading, 15° for heel loading). The
adapter was then mounted into the Instron machine with the grip being closed on
the topmost part. That the alignment was correct was determined using a
goniometer. The foot was then attached via a pyramid attached to the foot and a
pyramid adapter mounted on the bottom of the brass rod. The crosshead of the
Instron was then lowered until the foot barely contacted the baseplate at which point
the crosshead was locked. The load was increased at a rate of 175N/s until the
ultimate static test force upper limit, 3220N, was met (see Table 4 for loads for all P-
levels). The ultimate static test load was maintained for 30s at which point the load

was reduced at a rate of 175N/s until ON load was recorded. The test was to be
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stopped prior to completion if the sample was observed to fail or the setup became

unsafe in any way.

5.2.3 Results

Samples 1 and 3 were able to reach the maximum load and were unloaded
without catastrophic failure however; sample 1 was observed to have suffered from
severe deformation on the top section of the toes (see Figure 107) and was ruled
out of further toe testing. Sample 2 reached maximum load but was automatically
stopped by machine controls at approximately 15.8s into the hold phase (see Figure
109). A crackling noise was heard during loading. Upon observation after unloading
sample 2 was observed to have suffered a similar severe deformation on the top
section of the toes as sample 1 (see Figure 108) and was discounted from further
toe testing. Sample 3 was loaded to the maximum load but had a highly irregular
loading pattern (see Figure 110). The same crackling sound was heard during
testing as with sample 2. Following the test, the blade in sample 3 was observed to

have moved laterally, away from the initially loaded side of the foot (blade shifted

right) as seen in Figure 111.

Figure 107 i Sample 1 at maximum load, an arrow indicates the deformation on the

toe section
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Figure 108 7 Sample 2 of redesign 2 showing failure of top side of upper toe section

Time vs. load for P3 ultimate static loading of Strathclyde
redesign 2, samples 2 and 3
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Figure 109 7 Time vs. load of samples 2 and 3 of Strathclyde redesign 2 tested to
the P3 toe loading ultimate static load condition
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Load vs. compression, P3 toe loading redesign 2
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Figure 1107 Load vs. compression of all samples of Strathclyde redesign 2 tested

to the P3 toe loading ultimate static load condition
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Figure 1117 The blade slipped to the right side during the P3 toe loading test

5.2.4 Discussion
Sample 1 was initially less stiff than samples 2 and 3 however at approximately
400N load the sample became stiffer before gradually becoming less stiff again at
higher loads. This lesser stiffness was not a surprise as sample 1 had no blade
while sample 2 and 3 did. The severe deformation in this case disqualified it from
being considered to have passed the P3 level of ultimate static loading.
Sample 2 briefly exceeded the maximum load at this level by 30N. The results
showed no sudden increase in |l oad or deform
safety was triggered and the test halted. Upon unloading the top of the toe section

was observed to have been deformed in a manner similar to sample 1 and so was
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excluded from further to testing. The cracking heard during testing may have been a
number of small fractures occurring within the material, or perhaps separation of
layers, however when observed no external signs of such fractures could be found.
There was no clear effect on the load vs. compression results due to any such
fracture.

Sample 3 was loaded erratically (Figure 110) although the only obvious sign of
this at the time was a single large increase in compression, also visible in Figure
112. The same crackling was heard as during sample 2 but if the erratic loading
were somehow a cause of the crackling then a similar effect would be expected in
sample 2 where it was not observed.

The three samples were nominally produced the same, having been ordered
together from ARRK Europe while the program used in the Instron machine for
loading pattern in each case was the same. The behaviour of sample 1 seemed
reasonable, as did the performance of sample 2 prior to failure. Sample 3 initially
had a similar load compression curve to sample 2 however at approximately 2210N
the load reduced to 2020N before increasing again. During this unloading period the
compression increased. When the time vs. load chart (Figure 109) was examined
this rapid load drop off and increase was viewed on the chart at approximately 13
seconds. A further two similar areas of rapid load/unload were seen at 16-17
seconds and 63 seconds. Cross referencing these times to Figure 112 shows rapid
compression during the 13 second and 16-17 second time points as well as an area
of held compression at approximately 63 seconds. The changes seen may have
been caused by the resistance of the test piece changing rapidly, potentially by the
blade slipping within the keel, although this was not observed at the time, and the
system attempting to maintain the load control on the piece, causing oscillation

about the intended load which when coupled with any lag in the actuation of the
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machine may have caused the extended time over which the load was deviated.
The blade slipping could have caused a rapid decrease in load until a new position
was settled upon where loading could increase again. The test was not videoed
which could have provided insight into the cause of this rapid compression and load

variation and as such is highly recommended for further tests.

Time vs. compression, P3 toe loading redesign 2
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Figure 112 - Time vs. compression of all samples of Strathclyde redesign 2 tested to

the P3 toe loading ultimate static load condition

5.2.5. Conclusion

The second redesign of the Strathclyde foot is not considered to have met the
ultimate static loading standard for toe loading although sample 3 may be argued to
have met the standard. Samples 1 and 2 were ruled out of further toe testing but not
in heel testing. As such samples 1 and 2 were to be used in heel testing while

sample 3 was reserved to be retested in toe loading.
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5.3 P3 Heel test

5.3.1 Specimens
Samples 1 and 2 were judged to be fit for use in heel testing after failing in the

toe loading condition at the P3 level.

5.3.2 Method

The adapter was set to 15° for heel loading, the samples mounted in turn and
aligned at 7° toe out. The samples were lowered to make contact with the baseplate
before loading was applied at 175N/s until 3220N was met. The load was held for

30s then unloaded at 175N/s until zero load was applied.

5.3.3 Results

The balls of the samples were observed to deform until the keel contacted the
baseplate. This slowed the deflection however in sample 1 the ball was observed to
split (see Figure 113) while in sample 2 the ball tore open entirely (see Figure 114).
In both cases at maximum load the front wall of the heel arch was observed to
deform. On unloading sample 1 was deemed to have returned to approximately

preloading condition while sample 2 remained deformed.
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Figure 1137 Sample 1 under maximum P3 heel loading condition displaying the

split in the ball

Figure 1147 Sample 2 under maximum P3 heel loading condition displaying the
ruptured ball
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